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Fluorescence techniques in developmental biology
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Advanced ﬂuorescence techniques, commonly known as the F-techniques, measure the kinetics and the interactions of
biomolecules with high sensitivity and spatiotemporal resolution. Applications of the F-techniques, which were initially
limited to cells, were further extended to study in vivo protein organization and dynamics in whole organisms. The integration
of F-techniques with multi-photon microscopy and light-sheet microscopy widened their applications in the ﬁeld of developmental biology. It became possible to penetrate the thick tissues of living organisms and obtain good signal-to-noise ratio
with reduced photo-induced toxicity. In this review, we discuss the principle and the applications of the three most commonly
used F-techniques in developmental biology: Fluorescence Recovery After Photo-bleaching (FRAP), Förster Resonance
Energy Transfer (FRET), and Fluorescence Correlation and Cross-Correlation Spectroscopy (FCS and FCCS).
Keywords. F-techniques; ﬂuorescence recovery after photo-bleaching (FRAP); ﬂuorescence correlation spectroscopy
(FCS); ﬂuorescence cross-correlation spectroscopy (FCCS); Förster resonance energy transfer (FRET)

1. Introduction
Development of a single-cell zygote to an organism is a
complex, yet highly coordinated process involving cell proliferation, cell–cell communication, cell migration, cell differentiation and apoptosis. Studies were conducted since the
beginning of the twentieth century to understand the molecular
mechanism that drives the patterning and development of an
organism (Rogers and Schier 2011). Biophysical methods
such as crystallography and electron microscopy provide
structural information of the proteins, but its dynamics cannot
be observed at a molecular level. Several advanced ﬂuorescence techniques called the F-techniques, such as Fluorescence Recovery After Photo-bleaching (FRAP), Förster
Resonance Energy Transfer (FRET) and Fluorescence Correlation Spectroscopy (FCS), were developed, which measure
the dynamics and interactions at a molecular level. With the
advent of ﬂuorescent proteins, it became possible to genetically encode ﬂuorescent proteins tagged to a protein of interest, and observe its dynamics in live cells using these
F-techniques. However, the conformations and dynamics of
molecules varies signiﬁcantly in vitro and in vivo (Lipinski and
Hopkins 2004). Therefore, it is important to observe molecular
dynamics in vivo over extended periods.
Applications of these techniques to directly observe the
dynamics in living organisms are nevertheless challenging
http://www.ias.ac.in/jbiosci

(Vermot et al. 2008). The thick tissue samples are difﬁcult to
penetrate and, thus, it reduces the signal-to-noise (S/N) ratio
due to scattering. This can be addressed using a multi-photon
microscope, which has a greater penetration depth and
reduced out-of-focus photo-bleaching (Helmchen and Denk
2005). In vivo measurements, when performed over longer
durations with high-intensity lasers, can cause photo-toxicity
to the organism. Single Plane Illumination Microscope
(SPIM) can reduce this effect as the entire sample is not
exposed every single time. SPIM uses a thin light sheet,
orthogonal to the objective, illuminating only the focal
image plane, thereby reducing photo toxicity, and enabling
observations for longer durations (Huisken et al. 2004).
Integration of F-techniques to these systems have signiﬁcantly helped us understand the development of a multicellular organism at a molecular level.
In this article, we concentrate on the three important
F-techniques commonly used in developmental biology:
FRAP, FRET and FCS. We ﬁrst provide an overview of the
principle behind each technique. We then provide a comprehensive review of the applications of these F-techniques
in different frontiers of developmental biology with
emphasis on the advancements made in the past 3 years. We
ﬁnally discuss the advantages and limitations of each technique and provide a comparative overview of these
techniques.
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2. Fluorescence recovery after photo-bleaching
Fluorescence recovery after photo-bleaching (FRAP) is a
commonly used F-technique to study the dynamics of ﬂuorescently tagged biomolecules in a region of interest. It was
ﬁrst developed by Axelrod and his colleagues to study the
lateral motion of ﬂuorescently labelled molecules on cell
surface (Axelrod et al. 1976a, b; Koppel et al. 1976). In
FRAP, a high-intensity laser beam is initially used to irreversibly photo-bleach the ﬂuorescent molecule in a region of
interest. The ﬂuorescence recovery in the photo-bleached
region is then recorded using a low-power laser. As the
ﬂuorescence of the photo-bleached ﬂuorophores is permanently abolished, they can no longer contribute to the ﬂuorescence recovery. Thus, the recovery in the photo-bleached
area is only due to the diffusion of ﬂuorescent molecules
from the neighbouring non-bleached region with a characteristic diffusion coefﬁcient. The ﬂuorescence intensity
before bleaching, just after bleaching and after full recovery
is recorded. The change in ﬂuorescence intensity over time is
plotted as a recovery curve, which reveals the time taken for
recovery. Analysis of the recovery curve gives information
regarding the mobile fraction (fraction of ﬂuorescent molecules that participates in recovery), and the diffusion coefﬁcient of the ﬂuorescently tagged molecule (Axelrod et al.
1976a, b). FRAP measures dynamics over long length scales
(tens of microns), so it helps in identifying the cellular and
interstitial hindrances, such as cytoskeleton and matrix
proteins, present during the molecule’s diffusion (Chauhan
et al. 2009). The shape of the recovery curve and rate of
recovery constant also tells if the ﬂuorescently tagged
molecule is freely diffusing, or transiently binding and dissociating with its interaction partners, or changing conformations along the way. If the molecules were freely
diffusing, the recovery rate would linearly change with size
of the photo-bleached region. In this condition, the recovery
should theoretically match its intensity before bleaching, and
the curve would ﬁt a single component diffusion model. On
the other hand, if the molecules were interacting with its
binding partners, or hindered by other obstacles, or present
in alternative multimeric conformations, the recovery curve
would be more complex, and would require a multi-component diffusion model. Thus, FRAP helps in identifying the
factors that inﬂuence the recovery and the mode of diffusion
as well. A detailed overview of the technique and its analysis
has been widely discussed (De Los Santos et al. 2015;
Ishikawa-Ankerhold et al. 2012; Klonis et al. 2002; Lippincott-Schwartz et al. 2003; Reits and Neefjes 2001; Snapp
et al. 2003). Therefore, FRAP became a popular choice for
studying protein dynamics on cell membranes (Axelrod
1983; Jacobson et al. 1987), nuclear protein dynamics
(Houtsmuller and Vermeulen 2001), vesicular transport
(Chen et al. 2017; Chow et al. 2017; Graydon et al. 2017;
Ullrich et al. 2015), cell signalling (Walser et al. 2017), cell

junctions and adherent junctions protein dynamics (Higashi
et al. 2016; Sasidharan et al. 2017), to name a few. FRAP
can also be easily integrated to a Single Plane Illumination
Microscope (SPIM), which is important to observe in vivo
dynamics for developmental biology studies (Rieckher et al.
2015). In ﬁgure 1 we show the principle of FRAP and how it
can be used to study morphogen dynamics in live zebraﬁsh
embryos.

3. Fluorescence correlation and cross-correlation
spectroscopy
Fluorescence correlation spectroscopy (FCS) is a singlemolecule sensitive technique, which was ﬁrst developed in
1974, to determine the chemical kinetic constants and diffusion coefﬁcients of ﬂuorescent molecules (Elson and
Magde 1974; Magde et al. 1974). FCS records the ﬂuctuations in the ﬂuorescence intensity in a small observation
volume (*femtolitres). An autocorrelation analysis of
intensity ﬂuctuations yields an autocorrelation function
curve (ACF) using the following equation:
GðsÞ ¼

hF ðtÞ  F ðt þ sÞi
F ðt Þ2

Here G (s) is the temporal autocorrelation function, h..i
denotes the average time and F (t) is the intensity at time
t. The width of the ACF curve gives information
regarding the diffusion time (the average time spent by
the molecule in the observation volume), and the
amplitude of the ACF curve gives information
regarding the number of particles in the observation
volume. Therefore, the diffusion coefﬁcient of the
molecule and its concentration can be measured using
FCS (Macháň and Hof 2010; Bacia et al. 2014). To check
if two molecules are interacting, Fluorescence CrossCorrelation Spectroscopy (FCCS) is utilized. Here, the
two molecules under investigation are tagged with two
ﬂuorophores containing non-overlapping spectra, and the
ACF for each molecule is recorded individually. Then,
correlation analysis is performed between the two
individual signals, and if interacting, a cross-correlation
function curve (CCF) is obtained. Similar to the ACF, the
width and the amplitude of the CCF give information
regarding the diffusion time and the concentration of the
interacting molecules, respectively (Bacia and Schwille
2007). Analysis of these curves can provide information
regarding the dissociation constants, transient binding
times and stoichiometry of binding of the molecules.
Therefore, FCS and FCCS became valuable tools for
biologists to study protein and lipid dynamics, membrane
organization, protein–protein interactions, protein
receptor densities and protein dimerization and
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Figure 1. Investigating morphogen dynamics in early-stage zebraﬁsh embryos using FRAP. (A) A zebraﬁsh embryo with the region of
interest where FRAP measurement was performed. (B) Interstitial spaces in zebraﬁsh embryo, containing matrix proteins such as heparin
sulphate proteoglycans, where the ﬂuorescently tagged morphogen diffuses. (C) Region of interest where the ﬂuorescently tagged morphogens
are permanently bleached using a high-intensity laser. (D) Fluorescence recovery immediately after bleaching with molecules diffusing from
the non-bleached region to the bleached region. (E) Complete recovery of the bleached region monitored using a low-intensity laser.
(F) Fluorescence recovery curve showing the time taken for recovery, and the fraction of mobile and immobile components in the population.
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Figure 2. Investigating morphogen dynamics in early-stage zebraﬁsh embryos using FCS. (A) An early-stage zebraﬁsh embryo with the
region of interest where FCS measurement was performed. (B) Interstitial spaces in an early-stage zebraﬁsh embryo, containing matrix
proteins such as heparin sulphate proteoglycans, where the ﬂuorescently tagged morphogen and the ﬂuorescently tagged inhibitor diffuses.
(C) Diffusion of the morphogen in a small observation volume (D) Fluctuations in the ﬂuorescence intensity as the morphogen diffuses in the
observation volume (E) An autocorrelation function (ACF) curve of the morphogen, obtained by statistical correlation analysis of the
intensity ﬂuctuations in the observation volume. The width and the amplitude of the ACF curve gives information regarding its diffusion
coefﬁcient and concentration respectively. (F) Diffusion of the morphogen along with its ﬂuorescently tagged inhibitor in the small
observation volume. (G) Fluctuations in the ﬂuorescence intensity of the morphogen and the inhibitor as they diffuse through the observation
volume. (H) The ACF curve of the morphogen, ACF curve of the inhibitor and the Cross-correlation function (CCF) curve obtained by
performing correlation analysis between the intensity ﬂuctuations of the two ﬂuorescently tagged molecules when they are interacting.
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oligomerization studies. Figure 2 shows the principle
behind FCS and its application in investigating
morphogen dynamics in early-stage zebraﬁsh embryos
and shows how FCCS can detect interactions between
two interacting species.
Imaging FCS (ImFCS) is another modality of FCS (Bag
et al. 2012; Kannan et al. 2006, 2007; Sankaran et al. 2010),
where only a sample plane is illuminated using either Total
Internal Reﬂection Fluorescence microscope (TIRF) (Kannan et al. 2007) or a Single Plane Illumination Microscope
(SPIM) (Wohland et al. 2010). Here a fast sensitive camera
is used as the detector, each pixel is treated as an observation
area, and autocorrelation function is performed for each
pixel, thereby covering a large sample area in a single
measurement. Therefore, using SPIM-FCS, it is possible to
illuminate only a single plane in the sample and perform
FCS analysis over a larger sample area, thereby signiﬁcantly
reducing photo damage, and allowing us to measure in vivo
dynamics for longer durations (Krieger et al. 2015; Singh
et al. 2013).

4. Förster resonance energy transfer
Förster resonance energy transfer (FRET) is a technique that
detects and measures molecular interactions between two
molecules. FRET is the process of energy transfer between
two ﬂuorophores (donor and acceptor) through dipole–
dipole interactions, when separated by a spatial distance less
than 10 nm. This was ﬁrst described by Förster in 1948
(Forster 1948). The FRET efﬁciency E, which is the fraction
of energy the donor transfers to the acceptor, is given by
E¼

R60

R60
þ R6

Here, R is distance between the acceptor and donor,
and R0 is the Förster distance at which FRET efﬁciency
is 50%. R0 depends on the ﬂuorescence quantum yield
of the donor in the absence of an acceptor, the refractive
index of the solution, the dipole angular orientation of
the two ﬂuorophores and the spectral overlap of the
donor and acceptor (Cardullo 2007). The FRET
efﬁciency is maximum when the ﬂuorophores dipoles
are parallel to each other and minimum when they are
orthogonal to each other (Khrenova et al. 2015).
Therefore, for FRET to occur, three conditions should
be satisﬁed: (i) the emission spectrum of the donor
should overlap with the excitation spectrum of the
acceptor; (ii) the distance between the ﬂuorophores
should be less than 10 nm; and (iii) the ﬂuorophore
dipoles should not be orthogonal. Figure 3 shows an
example of how interactions between the receptor and
ligand can be detected using FRET.
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From the FRET efﬁciency, it is apparent that a small
change in the distance between the two ﬂuorophores results
in a signiﬁcant change in the FRET efﬁciency. Conformational changes in a molecule’s structure and interactions
between proteins, which usually occurs in the nanometer
scale, can be easily detected through FRET changes.
Therefore, FRET is used as a nanoscale ruler, which can
measure the distance between two ﬂuorescently tagged
proteins and study how the two proteins interact.

5. Applications of F-techniques in developmental
biology: Recent advances
FRAP is widely used to study distribution, mobility and
interactions of several biomolecules regulating development
(De Los Santos et al. 2015). It was ﬁrst used by Axelrod and
colleagues to study the distribution and dynamics of
acetylcholine receptors (AChR) in developing chick muscle
ﬁbres (Axelrod et al. 1976a, b). They observed a co-existing
population of mobile and immobile fraction of AChR. They
also calculated the lateral diffusion coefﬁcient and the percentage recovery for the mobile fraction (Of et al. 1976). In
live zebraﬁsh embryos, Takeda and colleagues studied the
tubulin dynamics in neuronal axons using FRAP (Takeda
et al. 1995). Now, FRAP has become a common tool to
study the in vivo dynamics of the proteins involved in different aspects of development (discussed in detail). FRAP
was also recently used to understand how the kinetics of the
proteins are altered in vivo, during ageing and stress conditions (Rieckher et al. 2015; Svensk et al. 2016).
FRET, which is used to quantify protein interactions and
organization in cells, was extended to measure these interactions in vivo. FRET biosensors, which are pairs of ﬂuorescent fusion proteins linked by a sensory domain, show
conformation changes in response to modiﬁcations in the
cellular environment. Now, these FRET sensors are commonly used to pattern the spatiotemporal conformational
changes of proteins during different stages of development.
A genetically encoded FRET biosensor was used to study
the spatiotemporal changes in the cellular concentration of
inorganic phosphate (Pi) during the development of C. elegans. Binding of Pi to a protein resulted in a change in its
conformation, thus altering its FRET efﬁciency (Banerjee
et al. 2015). Similarly, Bulusu et al. used FRET to understand how spatiotemporal changes in metabolic activities are
a key factor controlling development. They observed that a
gradient in the cytosolic pyruvate levels and glycolytic
activity is linked to presomitic mesoderm development and
differentiation in mouse embryo, using a pyruvate-FRET
sensor reporter line (Bulusu et al. 2017). A FRET biosensor
called Mermaid was used to study the spinal neuron membrane voltage changes during cell–cell communication in
live zebraﬁsh embryos. A change in membrane potential

546

Sapthaswaran Veerapathiran and Thorsten Wohland

Figure 3. Investigating the interactions between the ﬂuorescently tagged morphogen and its receptor using FRET. (A) No FRET is
observed at the resting state of the receptor, as the distance between the two molecules is greater than 10 nm. (B) FRET occurs when the
ﬂuorescently tagged morphogen binds to the receptor, as the distance between the two molecules becomes less than 10 nm, and the
ﬂuorophore orients its dipole suitable for FRET. (C) An inhibitor binds to the morphogen, thereby preventing the interaction of morphogen
to the receptor, so no FRET is observed. (D) Here, although the morphogen binds to the receptor, the ﬂuorophore dipoles are oriented
orthogonal to each other, so no FRET is observed.

causes a change in the voltage-sensing domain of the
Mermaid biosensor, resulting in a change in the FRET ratio
between donor and acceptor ﬂuorescent proteins (Benedetti
et al. 2017).
FCS was initially used to measure the diffusion coefﬁcient
and concentration of different biomolecules and FCCS to
quantify interactions between molecules. It was extensively
used to study the in vitro mobility and organization of proteins involved in cell division and important signalling
pathways regulating development (Liu et al. 2008; Wang
et al. 2010). Subsequently, FCS and FCCS measurements
were performed in live organisms to study in vivo development. It was ﬁrst used to determine the direction and
velocity of blood ﬂow in zebraﬁsh blood vessels (Korzh
et al. 2008; Pan et al. 2007). This was followed by analysing
the dynamics of polarity protein PAR-2 during the asymmetric division of C. elegans embryo (Petrášek et al. 2008)
and characterizing the chromatin organization during Drosophila development (Bhattacharya et al. 2009). Shi et al.
quantiﬁed interactions of CDC42 and IQGAP1 in live

zebraﬁsh embryos by determining the dissociation constants
(KD) using FCCS (Shi et al. 2009). Since then, the application of FCS and FCCS in vivo to address numerous
questions in developmental biology and physiology has been
increasing.
Some of the areas of developmental biology where these
F-techniques were recently used are discussed next.

5.1

Morphogen dynamics and gradient formation

During embryogenesis, some cells induce the differentiation
of neighbouring cells through secreted molecules called
morphogens, which diffuses across the embryo, establishing
a concentration gradient. In the 1950s, Alan Turing mathematically showed that reaction–diffusion systems of molecules called morphogens could create gradient patterns in a
developing embryo, and its local concentration determines
the cell fate (Turing 1953). To understand how these gradients are established and maintained, it is important to
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investigate the rate of diffusion, rate of degradation, mode of
transport (extracellular diffusion–based or cell-based mechanisms) and interactions of the morphogens (Rogers and
Schier 2011; Müller et al. 2013). The cells around which the
morphogens should move and the proteins present in the
extracellular matrix (ECM) hinder the diffusion of morphogens in the interstitial spaces. Therefore, the global or
effective diffusion coefﬁcient of a morphogen is much
slower than its local diffusion coefﬁcient measured. As FCS
is used to observe dynamics in small observation volumes
(* femtolitres), it is used to evaluate the morphogen’s local
diffusivity (ﬁgure 2). FRAP on the other hand quantiﬁes
diffusion on the length scales of tens of microns, so it is used
to measure its global diffusivity (ﬁgure 1). It should however be noted that the morphogen’s local diffusion coefﬁcient in the interstitial spaces as shown in ﬁgure 2 can be
detected only at early stages of the embryo development,
when the interstitial spaces are sufﬁciently large. FCCS is
used to analyse the interactions with its binding partners and
FRAP can also be used to identify the factors that inﬂuence
recovery, such as diffusion, production, degradation and
binding interactions (Müller et al. 2013). Binding of morphogens to the receptor and other interacting partners can
also be detected using FRET as shown in ﬁgure 3. Thus,
FCS, FCCS, FRAP and FRET are indispensable techniques
to unravel information on the gradient formation of morphogens in vivo. The kinetics of Decapentaplegic (Dpp) was
initially studied using FRAP (Kicheva et al. 2007) and FCS
(Zhou et al. 2012), to understand how its spreading and
gradient proﬁle controls wing development in ﬂy. The gradient formation for Fibroblast growth factor 8 (Fgf8) by a
source–sink mechanism, and the inﬂuence of heparin sulphate proteoglycans present in the ECM on its diffusion, was
observed in live zebraﬁsh embryos using FCS (Yu et al.
2009). The global diffusion coefﬁcient and clearance rate for
the Nodals/Lefty activator inhibitor system, which inﬂuences
the embryonic axis formation was measured using FRAP to
understand the differences in their signalling range (Müller
et al. 2012). A review on kinetic parameters of several
morphogens has been discussed by Kicheva et al. (2012).
In recent times, FRAP was used to calculate the global
diffusion coefﬁcients of morphogens such as bone morphogenetic protein (Zinski et al. 2017) and Bicoid (Fradin
2017). Pronobis et al. showed how APC protein binds to bcatenin, marks it for ubiquitination and destroys it during the
regulation of Wnt signalling using FRAP and super-resolution microscopy (Pronobis et al. 2015). Similarly, FRAP also
helped in estimating the afﬁnity of Noggin 4 to Wnt8 and
explaining how Noggin4 binding to Wnt8 inhibits the Wnt/
b-catenin pathway in the head development of Xenopus
laevis (Eroshkin et al. 2016).
The diffusivity, degradation rates and binding of Nodals
(Squint and Cyclops) with type II receptor Acvr2b was
measured using FCCS and combined with computational
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simulations to show how they inﬂuence the Nodals gradient
proﬁle (Wang et al. 2016). FCS in live zebraﬁsh embryos
also revealed that Wnt3, a morphogen that is required for
brain development, is distributed extracellularly and localized on the membrane (Teh et al. 2015). Subsequently,
SPIM-FCS showed that Wnt3 is associated with raft
domains on the membrane and that binding of Wnt3 to its
receptor also occurs in the ordered plasma membrane environment (Ng et al. 2016; Sezgin et al. 2017). Similarly,
FRET biosensors were used to understand the dynamics of
retinoic acid (Schilling et al. 2016), and the characterization
of Tiki, a Wnt-speciﬁc metalloprotease (X. Zhang et al.
2016).

5.2

Determination of polarity and body axis formation

Localization and transport of mRNA in oocytes is crucial for
determining polarity and axis formation. FRAP has been a
popular choice to identify the mode of transport, the direction of transport and to quantify the diffusion coefﬁcient of
protein–RNA complex. FRAP helped in the analysis of
active transport of mRNA in Xenopus embryos, and how the
presence of distinct transport dynamics in different regions
of cytoplasm is crucial for polarity determination (Powrie
et al. 2016; Ciocanel et al. 2017). In Drosophila, it was
shown that Bicoid mRNA is localized in the anterior oocyte
by random active transport for providing a local source of
Bicoid protein (Trovisco et al. 2016). On similar lines, the
planar cell polarity in mouse oviduct epithelium was also
studied using FRAP (Shi et al. 2016).

5.3

Dynamics of proteins involved in mitosis

Development of an embryo requires controlled regulation of
cell division and apoptosis. F-techniques are vastly used to
study the dynamics and localization of proteins involved in
arrangement of microtubules, centrioles and spindle ﬁbres
during cell division. The diffusion coefﬁcient of myosin 2 in
the assembly and constriction of cytokinetic contractile ring
in fungi during mitosis was calculated using FRAP and FCS,
which conﬁrmed that myosin 2 diffuses as a double-headed
molecule (Friend et al. 2017). The importance INT6 in the
formation of mitotic spindles and centromere formation in
Drosophila was understood through FRAP, which conﬁrmed
that microtubules remain dynamic near kinetochore and at
spindle poles (Renda et al. 2017). FRAP also helped elucidate how phosphorylation of KLP-7 protein, a kinesin-13
member of C.elegans that depolymerizes microtubules during mitosis, regulates microtubules at the centrosomes (Han
et al. 2015). Higashi et al. used FRAP to study the dynamics
of proteins in tight and adherent junction and show that the
cell–cell junctions in cleavage furrow are stabilized with a
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reduced mobile fraction of E-cadherin and b-catenin. They
explain how these junctions are maintained during cytokinesis and how they integrate with the daughter cell after
division (Higashi et al. 2016). A similar study discussed the
actin regulators which are required to regulate cadherin
trafﬁcking and turnover in developing C. elegans apical
junctions using FRAP (Sasidharan et al. 2017). Two-colour
FRAP was used to study the recruitment of proteins in the
centrioles and pericentriolar material by measuring the
recovery length of the ﬂuorescently tagged proteins in
Drosophila embryos (Conduit et al. 2015). A FRAP study
also showed how Spectraplakin proteins regulates microtubules and cytoskeleton rearrangement during the closure of
dorsal epithelium in Drosophila embryo (Takács et al.
2017).
Similar to FRAP, FRET was also widely employed to
investigate cell division. The activation mechanism of Pololike kinase 1 (Plk1), which is an important regulator of
mitotic entry in the cell cycle (Parrilla et al. 2018), the
tracking of intracellular Cyclin E in Xenopus larvae (Brandt
et al. 2015) and the spatial analysis of Cdc42 activity
(Herrington et al. 2017) were studied using FRET. FRET, in
combination with super-resolution microscopy, electron
microscopy and x-ray crystallography, has helped elucidate
the molecular architecture of contractile rings (McDonald
et al. 2017) and the spindle pole body core (Viswanath et al.
2017), which are important molecular assemblies regulating
mitosis.

5.4 Organization and dynamics of cytoskeleton
and extracellular matrix (ECM) proteins
During embryogenesis, the organization and dynamics of
cytoskeleton and the extracellular matrix (ECM) inﬂuences
the cell shape changes and migration. They generate the
required internal forces for morphogenesis and react to
external forces, which might lead to abnormalities in
development. FRET is efﬁciently used as a non-invasive
technique to measure these forces in vivo. A FRET-based
molecular tension sensor (TS) module was adopted to show
changes in FRET efﬁciency in regions of high cell–cell
contact and high tension (Kashef and Franz, 2015; Yamashita et al. 2016). Kelley et al. used the FRET-based tension
sensor UNC-70 (TS module) to explain how FBN-1, a ﬁbrillin protein in the apical ECM of the epidermal sheath,
resists the mechanical forces experienced during embryogenesis of C. elegans (Kelley et al. 2015). The FRET-based
tension sensor also helped understand how mechanical forces have an impact on the vascular development and
homeostasis of zebraﬁsh embryos by studying the dynamics
of vascular endothelial (VE)-cadherin-TS (Lagendijk et al.
2017). The ECM also plays a pivotal role in guiding cell
migration during development. It presents the physical and

chemical cues which trigger cell matrix-adhesion proteins,
cytoskeleton and actin-myosin ﬁlaments to rearrange during
cell migration. A FRET study revealed how the composition
of ﬁbronectin and collagen in the ECM differentially activates Rho GTPase guiding cell migration (Kutys and
Yamada 2014). It also showed how relieving the auto-inhibition of a cytoskeleton protein called Talin regulates cell–
cell and cell–matrix signal transduction through activation of
Integrin (Schiemer et al. 2016). Similarly, how the interactions of Integrin a5 and Cadherin 2 modulate ECM organization, which is essential for body elongation and
segmentation of zebraﬁsh embryos, was observed using
FCCS (Jülich et al. 2015).

5.5

Cell differentiation and cell fate determination

White and colleagues, using FCS, studied how differential
binding of transcription factors such as Sox2 and Oct4 to the
DNA determines the cell fate of four-cell-stage mouse
embryo (White et al. 2016). Similarly, through FCCS, it was
observed that the transcription factor Pou5f3 complexes with
Nanog to regulate the mesendoderm differentiation in zebraﬁsh embryos (Perez-Camps et al. 2016). Through FRAP, it
was also observed that heterochromatin exhibits a greater
mobile fraction and is more relaxed in undifferentiated and
induced pluripotent cells as compared to differentiated cells
due to the presence of chromatin relaxers (Chen et al. 2016).

5.6

Plant developmental biology

The applications of FRAP, FRET and FCS-FCCS have also
been extended to the ﬁeld of plant developmental biology
using Arabidopsis as a model. FRAP, for instance, was
useful in understanding how actin-based trafﬁcking of
organelles and vesicles are regulated in the growing pollen
tube (Qu et al. 2017; Yuxiang et al. 2017), how absence of
chlorophyll b affects the dynamics of photosynthetic complexes in thylakoids (Tyutereva et al. 2017), how auxin
regulates primary root initiation (Herud et al. 2016), the
molecular mechanisms involved in stomatal development
(Zhang et al. 2016) and the ATP-dependent shuttling
mechanism of Arabidopsis splicing factors (Park et al.
2017). Similarly, the composition of plant nuclear envelope
(Shackleton et al. 2016), dynamics of histone proteins for
chromatin structure and gene expression in plants (Bemer
et al. 2018) and dynamics of plant vacuoles (Zheng et al.
2014) were also studied using FRAP.
Similarly, FRET helped to observe the spatially distinct
protein–protein interaction patterns of three transcription
factors in the Arabidopsis roots that specify distinct cell
types (Long et al. 2017), to map the spatiotemporal concentration of Abscisic acid, which is a key phytohormone
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that promotes seed dormancy (Jones 2016), and identify the
in vivo dimerization of Auxin response factor (ARF) in
living plant cells (Rios et al. 2017).
Alan Jones and his colleagues studied the in vivo
dynamics of multiple receptor-like kinases in Arabidopsis
using FRET and FCS. They identiﬁed that BAK1 and BIR1
interact and phosphorylate Arabidopsis 7-Transmembrane
Regulator of G signalling protein 1 (AtRGS1), which is a
key regulator of G protein signalling (Tunc-Ozdemir and
Jones 2017). FCS helped investigate the spatiotemporal
dynamics and interactions of proteins such as SHORTROOT
(SHR) and SCARECROW (SCR), which controls root patterning and cell fate speciﬁcation (Clark et al. 2016).

5.7

Other in vivo studies

Bajanca et al. used FRAP on developing zebraﬁsh embryos
to understand the in vivo dynamics of skeletal muscle dystrophin, a protein that links cytoskeleton of a muscle ﬁbre to
the ECM. Using FRAP, they observed two fractions of
membrane-bound dystrophin with distinct binding constants:
a stable immobile fraction and a mobile fraction with high
dynamic turnover (Bajanca et al. 2015). Chow et al. quantiﬁed the glycine receptor dynamics and distribution differences in the glycinergic synapses of primary and secondary
motor neurons in developing zebraﬁsh embryos. They
observed that primary motor neurons had larger synapses
and slower recovery times than secondary motor neurons,
thus implying that receptor kinetics is correlated with
synaptic volume (Chow et al. 2017).
FRAP also has applications in studying the dynamics and
distribution of a number of receptor proteins present at
synaptic junctions during development. Syntaxin-1A, a
SNARE protein required for the synaptic vesicle fusion, was
found to be more abundant and showing a slower conﬁned
diffusion on the neuronal membranes at the active zones of
neuromuscular junctions in Drosophila (Ullrich et al. 2015).
In zebraﬁsh lateral line hair cells, the in vivo mobility and
turnover of Ribeye proteins present in presynaptic structures
called Ribbons was studied, which showed a slow synaptic
turnover rate for whole ribbons and fast internal mobility
within these ribbons (Graydon et al. 2017).

6. Comparison between the F-techniques
Every technique has its set of advantages and limitations.
Here we provide an overall comparison between the three
F-techniques described earlier.
FRAP is a relatively simple technique that can be easily
implemented. As FRAP measures across tens of microns, it
gives information regarding diffusion rates across longer
length scales, the mode of transport, as well as the factors
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that might inﬂuence its recovery. FRAP also helps in
detecting the fraction of mobile population in the sample.
However, for irreversibly photo-bleaching the region of
interest, a high laser power is required, which might cause
photo damage to the sample, especially for live organisms.
Sometimes, it is also possible that the ﬂuorophores are not
permanently photo-bleached and the recovery would not be
completely due to diffusion. This might lead to an overestimation of the diffusion coefﬁcient. However, Macháň
et al. observed that the diffusion coefﬁcient of the molecule
obtained from FCS and FRAP were equivalent and did not
depend on the FRAP bleach intensity but were dependent on
bleach correction and ﬁtting procedure (Macháň et al. 2016).
Therefore, choosing the appropriate ﬁtting model in FRAP is
a crucial step (Lin and Othmer 2017). FRAP lacks singlemolecule sensitivity because it is an ensemble measurement
of many molecules. While FRAP can detect molecular
interactions, it cannot measure the distance between the
interacting partners.
The unique feature of FRET is that it not only quantiﬁes
the interactions between two molecules, but it also estimates
the distance between the two molecules, thereby providing
more structural and conformational information of the protein. While the conventional FRET is also an ensemble
measurement like FRAP, single-molecule FRET (smFRET)
has been developed, which can differentiate between different subpopulations and provide information of the conformation and interaction at a molecular level (Ha et al.
1996). Energy transfer in FRET depends on the dipole orientation of the ﬂuorophores. Sometimes, even if interactions
are present, no FRET can be detected due to the orientation
of the ﬂuorophores, which will yield false-negative results.
This however is not a problem in FCCS.
FCCS, a two-colour modality of FCS, does not depend on
the orientation of the two ﬂuorophores. It only requires a
concerted movement of the two ﬂuorophores. The other
advantages of FCS and FCCS over FRAP and FRET is that
it is a single-molecule-sensitive technique and provides
information on the concentration of the molecule in the
observation area. Like FRAP and FRET, FCCS can measure
the binding/dissociation rates of the interacting partners and
at lower concentration levels as compared to FRAP. However, FCS does not follow a single molecule, therefore
changes in the diffusion coefﬁcient of a single molecule over
space and time can only be detected using other techniques
such as single particle tracking (SPT). SPT has been used to
study single-molecule dynamics in living organisms by
combining with TIRF (Schaaf et al., 2009) and SPIM
(Friedrich et al. 2009; Ritter et al. 2008). Nevertheless, SPT
works at very low ﬂuorophore concentrations and requires
highly photo-stable large ﬂuorescent labels such as gold
particles and antibodies to obtain a good S/N ratio, while
FCS can work with ﬂuorescent proteins and organic dyes
(Wang et al. 2010).
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While each technique has its own advantages and
limitations, it is important to carefully choose the optimal
technique depending on the application. However, a combination of these techniques could provide more accurate
information (Dupont et al. 2013).

7. Conclusions
The ﬁeld of developmental biology is making signiﬁcant
progress with the advent of F-techniques to observe
dynamics in vivo. The implementation of these F-techniques
to light-sheet microscope has allowed us to observe the
spatiotemporal dynamics and interactions inside the whole
organism with minimal photo damage. Additionally, superresolution microscopy and scanning electron microscopy can
provide information of the structures below the diffraction
limit (\200 nm). With integration of the F-techniques, with
advanced microscopy techniques and computational simulations, it is possible to better understand embryogenesis and
morphogenesis at a single molecular level within organisms.
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Qin D, Chen J, Pan G, Schöler HR, Xu G, Liu X and Pei D 2016
Gadd45a is a heterochromatin relaxer that enhances iPS cell
generation. EMBO Rep. 17 1641–1656
Chen Z, Chou S-W and McDermott BM 2017 Ribeye protein is
intrinsically dynamic but is stabilized in the context of the
ribbon synapse. J. Physiol. https://doi.org/10.1113/JP271215
Chow DM, Zuchowski KA and Fetcho JR 2017 In vivo measurement of glycine receptor turnover and synaptic size reveals
differences between functional classes of motoneurons in
zebraﬁsh. Curr. Biol. 27 1173–1183
Ciocanel M-V, Kreiling JA, Gagnon JA, Mowry KL and Sandstede
B 2017 Analysis of active transport by ﬂuorescence recovery
after photobleaching. Biophys. J. 112 1714–1725
Clark NM, Hinde E, Winter CM, Fisher AP, Crosti G, Blilou I,
Gratton E, Benfey PN and Sozzani R 2016 Tracking transcription factor mobility and interaction in arabidopsis roots with
ﬂuorescence correlation spectroscopy. Elife 5 1–25
Conduit PT, Wainman A, Novak ZA, Weil TT and Raff JW 2015
Re-examining the role of Drosophila Sas-4 in centrosome
assembly using two-colour-3D-SIM FRAP. Elife 4 1–12
De Los Santos C, Chang C-W, Mycek M-A and Cardullo RA 2015
FRAP, FLIM, and FRET: Detection and analysis of cellular
dynamics on a molecular scale using ﬂuorescence microscopy.
Mol. Reprod. Dev. 82 587–604

Developmental biology
Dupont A, Stirnnagel K, Lindemann D and Lamb DC 2013
Tracking image correlation: Combining single-particle tracking
and image correlation. Biophys. J. 104 2373–2382
Elson EL and Magde D 1974 Fluorescence correlation spectroscopy. I. Conceptual basis and theory. Biopolymers 13 1–27
Eroshkin FM, Nesterenko AM, Borodulin A V, Martynova NY,
Ermakova G V, Gyoeva FK, Orlov EE, Belogurov AA,
Lukyanov KA, Bayramov AV and Zaraisky AG 2016 Noggin4
is a long-range inhibitor of Wnt8 signalling that regulates head
development in Xenopus laevis. Sci. Rep. 6 1–14
Forster T 1948 Intermolecular energy migration and ﬂuorescence.
Naturwissenschaften 33 166–175
Fradin C 2017 On the importance of protein diffusion in biological
systems: The example of the Bicoid morphogen gradient.
Biochim. Biophys. Acta - Proteins Proteomics 1865 1676–1686
Friedrich M, Nozadze R, Gan Q, Zelman-Femiak M, Ermolayev V,
Wagner TU and Harms GS 2009 Detection of single quantum
dots in model organisms with sheet illumination microscopy.
Biochem. Biophys. Res. Commun. 390 722–727
Friend JE, Sayyad WA, Arasada R, McCormick CD, Heuser JE and
Pollard TD 2017 Fission yeast Myo2: Molecular organization
and diffusion in the cytoplasm. Cytoskeleton 75 164–173
Graydon CW, Manor U and Kindt KS 2017 In vivo ribbon mobility
and turnover of ribeye at zebraﬁsh hair cell synapses. Sci. Rep. 7
1–8
Ha T, Enderle T, Ogletree DF, Chemla DS, Selvin PR and Weiss S
1996 Probing the interaction between two single molecules:
ﬂuorescence resonance energy transfer between a single donor
and a single acceptor. Proc. Natl. Acad. Sci. 93 6264–6268
Han X, Adames K, Sykes EME and Srayko M 2015 The KLP-7
residue S546 is a putative Aurora kinase site required for
microtubule regulation at the centrosome in C. elegans. PLoS
One 10 1–23
Helmchen F and Denk W 2005 Deep tissue two-photon microscopy. Nat. Methods 2 932–940
Herrington KA, Trinh AL, Dang C, Shaughnessy EO and Hahn
KM 2017 Spatial analysis of Cdc42 activity reveals a role for
plasma membrane–associated Cdc42 in centrosome regulation.
Mol. Biol. Cell 28 2135–2145
Herud O, Weijers D, Lau S and Jürgens G 2016 Auxin responsiveness of the MONOPTEROS-BODENLOS module in primary root initiation critically depends on the nuclear import
kinetics of the Aux/IAA inhibitor BODENLOS. Plant J. 85
269–277
Higashi T, Arnold TR, Stephenson RE, Dinshaw KM and Miller
AL 2016 Maintenance of the epithelial barrier and remodeling of
cell–cell junctions during cytokinesis. Curr. Biol. 26
1829–1842
Houtsmuller AB and Vermeulen W 2001 Macromolecular dynamics in living cell nuclei revealed by ﬂuorescence redistribution
after photobleaching. Histochem. Cell Biol. 115 13–21
Huisken J, Swoger J, Bene F Del, Wittbrodt J, Stelzer EHK,
Huisken J, Swoger J, Bene F Del, Wittbrodt J and Stelzer EHK
2004 Live embryos by selective plane illumination microscopy
1007 13–16
Ishikawa-Ankerhold HC, Ankerhold R and Drummen GPC 2012
Advanced ﬂuorescence microscopy techniques-FRAP, FLIP,
FLAP, FRET and FLIM. Molecules 17 4047–4132

551

Jacobson K, Ishihara A and Inman R 1987 Lateral diffusion of
proteins in membranes. Ann. Rev. Physiol. 49 163–75
Jones AM 2016 A new look at stress: abscisic acid patterns and
dynamics at high-resolution. New Phytol. 210 38–44
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