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Abstract: Morphogen gradients direct the spatial patterning of developing embryos, however, the 

mechanisms by which these gradients are interpreted remain elusive. Here we perform in vivo single 

molecule imaging of the transcription factor Bicoid that forms a gradient along the anteroposterior axis of 

the early Drosophila melanogaster embryo. We observe that Bicoid binds to DNA with a rapid off-rate, 

such that its average occupancy at target loci becomes on-rate dependent, a property required for 

concentration-sensitive regulation. Surprisingly, we also observe abundant specific DNA binding in 

posterior nuclei, where Bicoid levels are vanishingly low. Live embryo imaging reveals “hubs” of local 

high Bicoid concentration that are dependent on the ubiquitous maternal factor Zelda. We propose that 

localized modulation of transcription factor on-rates via clustering provides a general mechanism to 

facilitate binding to low-affinity targets under limiting factor conditions, and that this may be a prevalent 

feature directing other developmental transcription networks. 

Spatial patterning during embryonic 

development is widely accepted to be 

orchestrated through concentration gradients 

of regulatory molecules known as morphogens 

(1, 2). The maternally deposited transcription 

factor (TF) Bicoid (BCD) in Drosophila was 

the first identified morphogen (3), and remains 

an iconic and widely studied developmental 

regulator. Bicoid is distributed in an 

exponentially decaying concentration gradient 

along the anteroposterior (A-P) axis of 

embryos and regulates the activity of ~100 

genes associated with the formation of distinct 

spatial expression domains ranging from the 

anterior tip to the middle of the embryo (4-7). 

The ability of BCD and other morphogens to 

activate target genes in different locations 

across gradients is classically thought to arise 

from modulating the number and strength of 

cognate DNA binding sites within target 

enhancers (8-10), with sharp expression 

domain boundaries set through cooperative 

binding of BCD and/or the combinatorial 

actions of other transcription factors (11, 12). 

The validity of these models and other 

essential mechanistic questions about how 

BCD, and morphogens in general, 

differentially activate genes along a 

concentration gradient has been challenging to 

resolve and would benefit from direct 

measurements of BCD-DNA interactions in 

vivo by single molecule imaging.  
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Figure 1. Single molecule kinetics of Bicoid in living Drosophila Embryos. (A) Raw 
images of Bicoid-GFP molecules in a living Drosophila embryo acquired with a 100 

millisecond exposure time. Scale bar is 5 um. Positions along the A-P axis are shown 

as a fraction of the Embryonic Length (EL (x/L). (B) Example of a single molecule 
binding event. Top row shows raw images from a 1.2 x 1.2 µm area, bottom row shows 

corresponding surface plot representations to illustrate the signal-to-noise. (C) Survival 

probability (1-cummalative distribution function of trajectory lengths) for Bicoid 
binding (markers) in the Anterior (34 nuclei), Middle (70 nuclei) and Posterior (83 

nuclei) segments of the embryo and corresponding fits to a two-exponent model (solid 

lines) show no significant differences. (D) FRAP curve for Bicoid shows a recovery 
time on the order of hundreds of milliseconds, error bars show standard deviation over 

21 nuclei. 

Single molecule imaging in living cells 

has been increasingly used in recent years to 

measure the dynamics of TF-DNA 

interactions (13). However, the techniques 

commonly used for single cells in culture are 

limited to regions close to the microscope 

coverslip, and are not suitable for whole 

embryos and thick tissues because of technical 

limitations that result in low signal-to-noise 

ratios. Here we utilized Lattice Light-Sheet 

Microscopy(14) (See Supplementary 

Materials and Fig. S1) to overcome these 

barriers and characterize the single molecule 

DNA-binding kinetics of BCD in developing 

Drosophila melanogaster embryos 

(Fig. 1A-B). 

The classical morphogen 

models predict a difference in the 

average dissociation rates of Bicoid 

along the A-P axis. For example, 

genes that need to be activated at 

lower concentrations should have 

higher affinity sites resulting in 

lower off-rates to enable a higher 

time-average occupancy (i.e. 

residence time, RT). We therefore 

first performed single molecule 

imaging and tracking at long (100 

millisecond) exposure times, 

effectively blurring out the fast 

moving (unbound) population, to 

estimate the residence times (See 

Supplementary Materials) of BCD 

binding in nuclei at all positions 

along the A-P axis(15).  

Previous single molecule 

studies of transcription factors have 

consistently found two populations 

in residence time distributions, a 

short-lived population with RTs on 

the order of hundreds of 

milliseconds, and a longer-lived 

population with RTs on the order of 

10’s of seconds to minutes (15-17). 

These two populations have often 

been shown to be the non-specific 

and specific binding populations, respectively. 

We thus fit the survival probability (residence 

time) distributions of BCD binding events 

(Fig. 1C, S2) to a two-exponent model using 

data from the anterior, middle and posterior 

thirds of the embryo (See Supplementary 

Materials) . This analysis identified a short-

lived population with RTs on the order of 

100s of milliseconds and a longer lived 

population with RTs on the order of seconds 

(Fig. S2-S3), and with no significant 

dependence on position along the A-P axis for 

either population (Table S1), a finding not 

expected from the classical model. 
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Figure 2. Local modulation of Bicoid Concentration (A) Normalized probability distributions of measured displacements in the Anterior 
(30 nuclei), Middle (67 nuclei), and Posterior (66 nuclei) positions of the embryos, pie charts show the estimated mobile and bound fractions 

from fits to a two population distribution with the bound population percent labelled with the standard error of the fit parameter (Fig. S5B). 

(B) Examples of the spatial distribution of all detections in nuclei along the A-P axis, scale bar is 2.5 µm. (C) Distribution of the number of 
detections in all nuclei. (D) Distributions of the number of detections in all clusters (see. Fig. S6). 

Remarkably, the RT of the long-lived 

population is much shorter than lifetimes (10-

60 sec) typically observed for other sequence 

specific DNA binding TFs using single 

molecule tracking. These measurements were 

cross-validated (See Supplementary Materials) 

with Fluorescence Recovery After 

Photobleaching (FRAP) experiments (Fig. 1D) 

confirming a remarkably fast halftime of 

recovery on the order of hundreds of 

milliseconds (Fig. S4). The dominance of the 

short-lived interactions highlights the 

preponderance of low affinity BCD binding 

sites and non-specific interactions, as 

previously suggested by genomic studies that 

captured this promiscuous binding behavior 

(18, 19). In addition to the expected large 

number of binding events in the anterior and 

middle segments of the embryo, we also 

observed a surprisingly large number of 

potentially specific binding events in the 

posterior-most nuclei where BCD has been 

reported to be at vanishingly low (<5nM 

posterior vs ~50 nM anterior) concentrations 

(20). 

The lack of a detectable difference in 

the survival probability distributions along the 

A-P axis and the observation of significant 

binding in posterior nuclei prompted us to 

examine how much of the small BCD 

population remaining in the posterior embryo 

is actually bound. Since longer exposure times 

only allow detection of molecules bound for at 

least the span of the exposure, we performed 

single molecule tracking measurements at a 

decreased exposure time of 10 milliseconds. 

Through analyses of displacement 

distributions (Fig. S5) from single molecule 

trajectories (See Supplementary Materials)  

we estimated the fraction of BCD that is 

bound along the A-P axis (Fig. 2A) and found, 

counter-intuitively, that a greater fraction of 
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Figure 3. Zelda mediated Bicoid binding in the posterior embryo (A) Whole embryo and posterior third BCD, and whole embryo Zelda 
ChIP-seq signal enrichment at the hunchback, hairy, and eve gene loci. Blue arrows indicate gene bodies and red bars show known regulatory 

regions. Black arrows indicate regions known to regulate posterior expression. (B) ChIP-seq signal enrichment over a 500 bp window centered 
on BCD peaks called in the whole embryo data and sorted according to increasing signal of the whole embryo data, a total of 2145 peaks are 

shown, colors indicate enrichment over the background (blue) with all plots displayed on the same scale. (C) Examples of the spatial 

distribution of all detected bound molecules in nuclei along the A-P axis in ZLD- embryos, scale bar is 2.5 µm 

the BCD population is bound in more 

posterior positions of the embryo where BCD 

is present at the lowest concentrations (See 

Supplementary Materials). Furthermore, 

analyses of the spatial distribution of 

detections from the 100 millisecond dataset 

revealed a distinct clustering of binding 

events, which becomes more pronounced 

toward posterior positions (Figs. 2B, S6-S7). 

Remarkably, although the number of 

detections per nucleus follows the trend 

dictated by the global concentration gradient 

across the embryo (Fig. 2C), the distribution 

of BCD molecules detected per cluster or 

“hub” is maintained even in the posterior 

(Figs. 2D). These data suggest that the 

formation of locally dense BCD hubs at 

specific sites in nuclei across the A-P axis is 

conserved independent of the global gradient 

(See Supplementary Materials). This 

surprising finding raises the question: what 

mechanism exists to selectively enrich local 

concentrations to promote BCD binding at 

specific targets under conditions of very low 

BCD levels such as in posterior nuclei. 

To test whether BCD is binding with 

specificity in the posterior embryo we 

analyzed its binding profiles in a spatially 

segregated manner (21) by comparing ChIP-

seq profiles derived from individually 

dissected posterior thirds of embryos to 

previously published data from whole 

embryos (22). Our analysis revealed that BCD 

indeed binds to known targets in the posterior 

but with increased relative enrichment at 

specific enhancer elements (Figs. 3A). For 

example, in the hunchback locus, binding at 

the posterior stripe enhancer is highly 

enriched in nuclei from the dissected posterior 

third relative to the whole embryo. 

Intriguingly, genomic regions that exhibit a 

relative increase in BCD occupancy in the 

posterior are correlated with an enrichment of 

Zelda (ZLD) (Fig. 3A, S8), a ubiquitous 
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Figure 4. Model of Zelda mediation of the on-rate of Bicoid 

binding at specific loci in the posterior embryo. At high 

concentrations both specific and non-specific sites are highly occupied 
with transcriptional activity then regulated through the combinatorial 

action of opposing factors. At low concentrations loci with Zelda 

occupancy have an increased time averaged occupancy through the 
formation of hubs that enrich local concentrations. 

activator often described as a pioneer factor 

active during early embryonic development 

(23-26). Genome wide analyses centered on 

BCD peaks detected in whole embryos reveal 

that binding of BCD to these same loci in 

posterior nuclei is highly correlated with ZLD 

co-binding (Figs. 3B, S8). 

The posterior genomic data and the 

published evidence for Zelda’s role in the 

regulation of chromatin accessibility (23-29) 

and its apparently differential effect on TF 

binding at low concentrations (25, 28) 

naturally led us to hypothesize that the 

observed clustering of BCD binding events 

may be, in part, mediated by ZLD. We thus 

generated zelda null embryos and measured 

BCD binding at 100 millisecond exposures, 

and found an abolishment of BCD hubs in the 

posterior embryo but no significant change in 

RTs (Fig. 3C, Table S1). Although the exact 

mechanism by which ZLD mediates BCD hub 

formation and binding remains unclear, we 

speculate that a combination of protein-protein 

interactions facilitated by intrinsically 

disordered low-complexity domains of ZLD 

and its reported role in promoting chromatin 

accessibility may contribute to BCD clustering 

(Fig. 4). 

Our initial observation of the low 

affinity nature of BCD binding fits the 

conventional view of BCD as a concentration-

dependent morphogen. We envision that high 

TF concentrations (in the anterior embryo) 

potentiate rapid on-rates along with a high 

chromatin occupancy. Our observed high off-

rate also suggests that BCD is free to 

frequently sample non-specific sites. Thus, as 

BCD concentrations decrease posteriorly 

along the gradient, there should be 

progressively lower on-rates and the binding 

at specific sites should be correspondingly 

diminished. However, this simplistic model 

essentially consigns BCD to no posterior 

function and contradicts a wealth of evidence 

in the literature pointing to a specific role for 

BCD in the regulation of posterior gene 

expression (8, 11, 12, 30-32). Although this 

paradox is inexplicable under the classical 

morphogen model, our evidence for local 

high-concentrations of BCD “hubs” capable of 

modulating specific binding with help from 

ZLD in the posterior provides a novel 

mechanism for TFs to carry out their 

regulatory role even when present at very low 

concentrations (Fig. 4). The formation of such 

clusters or hubs of TFs mediated by co-factors 

at specific genomic loci has recently been 

hypothesized to promote binding at low 

affinity enhancers in an orthogonal system 

(33), and may therefore, represent a general 

mechanism of transcriptional regulation 

evolved in eukaryotes to allow exquisite 

spatial and segmental modulation during 

development. 
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