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Abstract 19 

 20 

Morphogen gradients provide essential positional information to downstream gene networks 21 

through their spatially heterogeneous distribution. Yet, how morphogen gradients form is still 22 

hotly contested, with multiple models proposed for different systems. Here, we focus on the 23 

transcription factor Bicoid (Bcd), a morphogen that forms an exponential gradient across the 24 

anterior-posterior (AP) axis of the early Drosophila embryo. We utilise fluorescence 25 

correlation spectroscopy (FCS) and perturbations to Bcd, to dissect Bcd dynamics at multiple 26 

spatial and temporal locations across the embryo. In both the cytoplasm and nucleus, we find 27 

two dynamic modes for Bicoid diffusion dynamics, consisting of fast and slow populations of 28 

Bcd. Surprisingly, there are spatial differences in Bcd diffusivity along the AP-axis, with Bcd 29 

diffusing more rapidly in the posterior. In the nucleus, we demonstrate that the slower mode of 30 

Bcd transport is due to Bcd DNA binding. Addition of the Bcd homeodomain to eGFP::NLS 31 

can qualitatively replicate the observed Bcd concentration profile, suggesting this domain is 32 

the primary region regulating Bcd dynamics. This study provides a detailed analysis of 33 

morphogen dynamics at different spatial and temporal locations, revealing multiple modes of 34 

transport. These results explain how a long-ranged gradient can form while retaining a steep 35 

profile through much of its range.  36 

 37 

Keywords: Fluorescence correlation spectroscopy, Bicoid, Drosophila embryo, morphogens, 38 

diffusion 39 

 40 

Introduction 41 

 42 

Morphogens are signalling molecules that provide crucial spatial and temporal information to 43 

cells during development.1,2 Knowing how morphogen gradients form and on what time scales 44 
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is essential for understanding how information can be precisely decoded.3-5 Despite intensive 45 

study, the underlying dynamics of morphogen gradient formation remain controversial.6-9 A 46 

longstanding model is that morphogen gradients are formed by localised synthesis and 47 

diffusive processes combined with protein degradation or trapping (the SDD model).4,5,10,11 48 

Alternative hypotheses for generating a long-ranged gradient include distributed sources of 49 

morphogen12,13 and long-ranged transport via cytonemes.14,15 The shape of the morphogen 50 

profile can be adjusted by the mode of degradation,5,16,17 which may make the gradient more 51 

robust to variation in morphogen protein levels.16,18,19 The morphogen profile can also be 52 

modulated through receptor binding.8,20 53 

 54 

A range of quantitative techniques have been used to measure morphogen dynamics in vivo. 55 

These include fluorescence correlation spectroscopy (FCS),5,21-23 fluorescence recovery after 56 

photobleaching (FRAP),4 single molecule tracking,24,25 and protein lifetime measurements.26-
57 

28 FRAP and protein lifetime measurements provide insight into the longer time dynamics of 58 

the system. Essentially, they average out sub-second processes, giving a measure of the 59 

effective dynamic parameters across the system. FCS and single molecule imaging have the 60 

advantage of measuring the local fast dynamics, but often do not provide information about 61 

longer time and spatial processes. See Refs 9 and 17 for an extended discussion on these points. 62 

These differences have led to conflict in the measured dynamic parameters for morphogens. 63 

For example, the reported diffusion constant for eGFP::Bcd can vary from 0.4 µm2/s (FRAP)4 64 

to 7 µm2/s (FCS).29 While theoretical work has looked to integrate these measurements, taking 65 

account of the different time scales measured,30 there remains significant contention over the 66 

Bcd dynamics. Similar issues are pertinent in other morphogen systems, such as Nodal22,31,32 67 

and Wingless.8,33 Finally, analysis of morphogen dynamics has typically focused on a 68 

fluorescently-tagged version of the wildtype morphogen protein. There is a lack of quantitative 69 

data on how morphogen dynamics are altered when protein domains 3 e.g., DNA or receptor 70 

binding motifs - are perturbed. Despite intense study over the past twenty years, it remains a 71 

major challenge to dissect the multiple time and spatial scales that underlie morphogen 72 

dynamics and the mechanisms that shape the gradient; such knowledge is essential for 73 

understanding of how morphogens gradients form in vivo.8  74 

 75 

Here, we take advantage of FCS combined with new reagents for live imaging to dissect the 76 

dynamics of Bcd with unprecedented precision. Using this, we reveal, with high accuracy, the 77 

dynamic modes that generate the Bcd gradient. We measure the Bcd dynamics at multiple 78 

locations along the embryo AP-axis and through nuclear cycles (n.c.) 12-14. We demonstrate 79 

that Bcd dynamics do not substantially change over n.c. 12-14, contrary to previous claims.34 80 

A two-component fit to the FCS curves is substantially better than a one-component fit in both 81 

the cytoplasm and nucleus; this implies two (<slow= and <fast=) dynamic modes in each region. 82 

The dynamics of the slower mode correspond closely to measured Bcd dynamics from FRAP. 83 

We show that the effective diffusion coefficient varies across the embryo, with the effective 84 

diffusion coefficient increasing towards the posterior. We explored eGFP::Bcd dynamics in a 85 

mutant with disrupted DNA binding. Loss of DNA binding increases the fraction of eGFP::Bcd 86 

in the fast dynamic mode within the nucleus. In the cytoplasm, we demonstrate that the Bcd 87 
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homeodomain plays a role in regulating Bcd diffusivity. Combining the Bcd homeodomain 88 

with an eGFP::NLS can reproduce the dynamics and gradient shape of the eGFP::Bcd gradient. 89 

These results reveal that Bcd gradient formation is substantially more complicated than 90 

previously considered and provide a potential explanation 3 via the presence of multiple 91 

dynamic modes - for how long-ranged gradients can form across large distances in relative 92 

short periods of time. 93 

 94 

Results 95 

 96 

Bicoid dynamics do not vary from n.c. 12 to early n.c. 14 and are described by two dynamic 97 

modes in both the nuclei and cytoplasm 98 

 99 

Previously, confocal FCS was used to measure the diffusion coefficients of eGFP::Bcd in the 100 

anterior cytoplasm29 and in anterior nuclei.35 These measurements were limited in their position 101 

and timing within the embryo. We revisited these results, expanding the FCS measurements to 102 

both the anterior and posterior regions of the embryo during the interphases of n.c. 12, 13 and 103 

14 (Figure 1A-B, Figure S1A-B). Our FCS autocorrelation curves were highly reproducible 104 

between embryos (Figure S1C). We also co-imaged our eGFP::Bcd with H2A::mCherry to 105 

ensure that we precisely determined n.c. and the cytoplasmic and nuclear regions. 106 

 107 

Comparing the normalised FCS autocorrelation curves of cytoplasm and nuclei in n.c. 12-14 108 

(Figure 1B, Figure S1C), we saw no clear differences in the curves within or between cycles 109 

during interphase. These results reveal that the dynamics of eGFP::Bcd is relatively stable 110 

through n.c. 12-14 both at the anterior and posterior locations of the embryo. This contrasts 111 

with previous claims based on imaging the Bcd profile within nuclei, which predicted very 112 

small Bcd diffusion, D<1µm2/s.34 We did not explore the dynamics during mitosis with point 113 

FCS as the nuclei (chromatin) move rapidly during this phase. 114 

 115 

We next fitted dynamic models to the averaged autocorrelation curves (Figure 1C-D). We 116 

found that a one-component model of diffusion is insufficient (Figure S1D-E), but a two-117 

component diffusive model (with a fast and slow diffusing population) fits the data well in all 118 

cases (Figure 1C-D). We define the effective diffusion coefficient as �!"" = �"#$%�"#$% +119 

�$&'(�$&'(, where �"#$% and �"#$% represent the diffusion coefficient and fraction for the fast 120 

dynamic mode (and similarly for the slow dynamic mode), with �"#$% + �$&'( = 1. We found 121 

the effective diffusion coefficients of eGFP::Bcd in the anterior cytoplasm and nuclei were 7-122 

9 µm2/s and 4-6 µm2/s respectively (Figure 1E), consistent with previous observations.29,35 123 

Further, from FCS we can estimate the local eGFP::Bcd concentration (Figure 1F, Methods) 124 

and these measures map onto previous results.4,29 Therefore, we are confident our results are 125 

reproducible and reflect accurate measurements of the eGFP::Bcd interphase dynamics. 126 

 127 

Bicoid dynamics spatially vary along the embryo anterior-posterior axis 128 

 129 
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We analysed the effective diffusion coefficient in different regions of the embryo. Strikingly, 130 

for both nuclear and cytoplasmic eGFP::Bcd, the effective diffusivity was larger in the 131 

posterior of the embryo compared with the anterior (Figure 1E). In the posterior, the effective 132 

eGFP::Bcd diffusion coefficient in the cytoplasm and nuclei ranged from 12-15 µm2/s and 7-133 

10 µm2/s respectively (Table S1 and S2), a ~1.7 fold increase in the posterior (Figure S1F). We 134 

confirmed that this result was valid even if each n.c. was analysed separately (Figure S1G). 135 

This effective diffusion was inversely correlated with eGFP::Bcd concentration (Figure 1E and 136 

F).  137 

 138 

Exploring the different dynamic modes for eGFP::Bcd (Figure 1G-G9), we see that in the 139 

cytoplasm, the slow dynamic mode is similar across the embryo, > 1	µm)/s (Figure 1G9). The 140 

fast mode shows an increased diffusivity from �"#$%	(��������) = 	13.0 ± 2.6	µm)/s to 141 

�"#$%	(���������) = 	18.8 ± 2.5	µm)s (Figure 1G, Table S1). In the nuclei, eGFP::Bcd shows 142 

a significant, though small, increase in diffusivity in the fast dynamic mode from anterior to 143 

posterior regions (9 to 12 µm2/s respectively), with the slow component remaining unchanged 144 

(Figure 1G, Table S2). 145 

 146 

We next asked whether the relative fractions of slow and fast components change along the 147 

embryo AP-axis. In the anterior cytoplasm, the faster diffusing species comprised �"#$% =148 

	65±8 %, whereas in the posterior this is increased to �"#$% =	78±6 % (Figure 1H, Table S1). 149 

Although the slow cytoplasmic dynamic mode is similar in both anterior and posterior of the 150 

embryo, the effective diffusion increased towards the posterior because (i) the fast dynamic 151 

mode is quicker and (ii) the fraction of the eGFP::Bcd in the fast mode is larger. Likewise, in 152 

the nucleus the fraction of eGFP::Bcd in the faster dynamic mode increases towards the 153 

posterior, thereby increasing the effective diffusion coefficient (Figure 1H). 154 

 155 

We performed a similar analysis for eGFP::NLS, driven off the Bcd promoter region. We again 156 

fitted with a two-component diffusive model. The majority of the cytoplasmic eGFP::NLS is 157 

in the faster diffusive mode (Figure S2). There is a small difference in the eGFP::NLS 158 

dynamics in the nuclei between anterior and posterior ends, possibly due to crowding/non-159 

specific interaction effects in the anterior where protein number is higher (Figure S2F-H9). 160 

Supporting this, we see in the anterior nuclei a small but significant fraction (~20%) of 161 

eGFP::NLS in a slower mode (Figure S2I, Table S2). Overall, we see that eGFP::NLS diffusion 162 

is more rapid, with 80-95% existing in the faster diffusive mode. This is consistent with 163 

eGFP::NLS only weakly interacting with other components (e.g. itself or DNA binding and 164 

cytoplasmic elements).  165 

 166 

In summary, the dynamics of eGFP::Bcd varies across the embryo, both in terms of the 167 

magnitude of the diffusivity and the fraction of slow and fast diffusing eGFP::Bcd. This means 168 

that the classic SDD model needs to be revisited as the dynamics are dependent on the spatial 169 

location and/or the local morphogen concentration within the embryo. 170 

 171 

Bicoid DNA binding determines the slow transport mode within the nucleus 172 
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 173 

Given our above observations, we investigated the possible mechanisms regulating Bcd 174 

diffusivity. First, we focused on Bcd dynamics within the nucleus. Bcd is a transcription 175 

factor36 and known to cooperatively bind to DNA.37,38 Therefore, we hypothesised that direct 176 

DNA binding determines the slow Bcd transport mode in the nucleus. 177 

 178 

The Bcd homeodomain mutation bcdN51A leads to loss of downstream target expression (e.g. 179 

hunchback) posited due to a disruption of Bcd DNA binding efficacy.39 It also has a reported 180 

role in caudal RNA binding within the cytoplasm. To test whether these processes alter Bcd 181 

dynamics, we generated eGFP::BcdN51A (Figure 2A). These embryos show a clear anterior-to-182 

posterior gradient of Bcd (Figure 2B).  183 

 184 

We performed FCS on eGFP::BcdN51A embryos at different locations within n.c. 12-14 185 

embryos. In the nucleus, the normalised autocorrelation curves for eGFP::BcdN51A embryos are 186 

clearly different from eGFP::Bcd embryos, with faster dynamics (Figure 2C-E). However, the 187 

dynamics in the cytoplasm are not significantly altered (Figure 2C9-E9). The effective diffusion 188 

coefficients further reveal that the diffusion of eGFP::BcdN51A in the anterior nuclei is 7-189 

9	µm)/s and in the posterior it is 9-13	µm)/s (Figure 2E, Table S3). 190 

 191 

In the nucleus, both the fast and slow modes in eGFP::BcdN51A embryos show increased 192 

diffusivity compared to eGFP::Bcd embryos (Figure 2F-F9, compared with Figure 1G-G9). 193 

While the increase in the slow mode was expected, the reason for the change in the fast mode 194 

is less clear. These effects are apparent in both the anterior and posterior of the embryo (Figure 195 

S3). As with eGFP::Bcd, the slow mode diffusivity in eGFP::BcdN51A embryos is similar across 196 

the embryo (Figure 2F9), with the fast component increasing towards the posterior (Figure 2F). 197 

The relative fraction of eGFP::BcdN51A in the slow and fast modes also changes from anterior 198 

to posterior (Figure 2G), with a larger fraction of eGFP::BcdN51A being in the faster diffusive 199 

mode within the posterior nuclei. These results suggest that (i) Bcd DNA binding plays an 200 

important role in determining Bcd dynamics within the nucleus and (ii) the dynamics of Bcd 201 

within the nucleus are more complicated than a simple model of bound versus unbound Bcd.23 202 

This might point towards anomalous diffusion as the dominant diffusive mode,40 in which 203 

instead of two distinct diffusion components, the diffusion coefficient is scale dependent. In 204 

fact, the anomaly parameter can provide a good empirical measure for changes in molecular 205 

interactions.23,41 However, the anomalous and two-component fit cannot be easily 206 

differentiated and the two-component model provides a simpler model and clearer 207 

interpretation of the changes due to binding. 208 

 209 

The Bcd homeodomain regulates protein dynamics in both the nucleus and cytoplasm 210 

 211 

Bcd dynamics show distinct modes in both the cytoplasm and the nucleus. Given the presence 212 

of DNA binding sites, RNA binding elements and putative cytoplasmic interaction sites37,38,42-
213 

45 we hypothesised that the Bcd homeodomain is critical in determining the Bcd kinetics. 214 

 215 
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To remove the effects of other Bcd domains, we fused the bcd homeodomain to eGFP::NLS, 216 

which we refer to as eGFP::NLSbcdHD (Figure 3A). We compared the dynamics of this 217 

construct with eGFP::NLS. We predicted that, if the homeodomain is an active factor in 218 

regulating Bcd dynamics, then eGFP::NLSbcdHD embryos will show slower dynamic modes 219 

compared to eGFP::NLS. We observed a clear reduction in protein dynamic modes in both the 220 

cytoplasm and nucleus (Figure 3B-D9, Figure S4). Interestingly, there were no anterior-221 

posterior differences in the diffusion coefficients of eGFP::NLSbcdHD embryos (Figure 3E, 222 

Figure S4B). This is consistent with NLS only weakly interacting with other components. This 223 

supports the conclusion that the anterior-posterior dynamic changes are due to interactions of 224 

the Bcd protein (from outside the homeodomain) with itself or other elements, and not, for 225 

example, due to differences in the physical environment between the anterior and posterior. 226 

For eGFP::NLSbcdHD the slow and fast populations represented roughly 50% each at all 227 

positions within the embryos (Figure 3F). There is ~3.5-4.5 fold decrease in the effective 228 

diffusion coefficients of eGFP::NLS upon addition of the homeodomain to NLS encompassing 229 

~2.5 fold decrease in both Dfast and Dslow values (Figure S4C-E). Further, the fraction of 230 

eGFP::NLSbcdHD in the slower form (Fslow) significantly increased compared to eGFP::NLS 231 

(compare Figure S2I and Figure 3F).  232 

Bcd binds to caudal mRNA to suppress production of Caudal in the embryo, thereby generating 233 

a posterior-to-anterior gradient of Caudal.44 The caudal mRNA binding domain on Bcd is 234 

within the Bcd homeodomain.46 To test the role of interactions between Bcd and caudal mRNA 235 

we generated eGFP::BcdR54A  lines (Figure S5). This mutation in Bcd inhibits the repressive 236 

effects of Bcd on caudal. This is a weaker Bcd allele than N51A, as hunchback transcription 237 

is unaffected.39 We used FCS to probe the Bcd dynamics in eGFP::BcdR54A  embryos and 238 

compared with eGFP::Bcd embryos (Figure S5). We observed no significant changes in the 239 

Bcd dynamics in eGFP::BcdR54A  embryos (Figure S5D-D9). There still existed an increase in 240 

the fast component of the Bcd diffusivity towards the embryo posterior (Figure S5F). In the 241 

nucleus, there was a small increase in the slow diffusive components towards the posterior 242 

(Figure S5F'). Overall, combined with our results for the N51A allele, this suggests that: (1) 243 

the Bcd homeodomain plays an important role in determining Bcd dynamics; (2) Bcd binding 244 

to caudal mRNA alone is insufficient to explain the Bcd cytoplasmic dynamics; and (3) there 245 

are likely other components (either within Bcd itself or other proteins) that affect Bcd dynamics 246 

at different Bcd concentrations.  247 

 248 

Formation of the Bcd gradient with multiple dynamic modes 249 

 250 

Given that there exist distinct dynamic modes for Bcd transport across the embryo, we 251 

considered the effects of these on long-range gradient formation for our different constructs 252 

(Figure 4A). Before focusing on Bcd, we first analysed the gradient of nuclear eGFP::NLS 253 

with and without the bcd homeodomain. We see that addition of the homeodomain leads to a 254 

substantially shorter intensity profile (Figure 4B). Remarkably, adding the Bcd homeodomain 255 

to generate eGFP::NLSbcdHD results in a gradient similar to the eGFP::Bcd gradient (Figure 256 

4B). 257 
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 258 

With such quantitative data, we developed a diffusive model for the formation of the 259 

eGFP::NLS and eGFP::NLSbcdHD gradients. As our focus is on the formation of the long-range 260 

gradient, we do not consider differences between nuclei and cytoplasmic transport. We started 261 

with the eGFP::NLS; this can be approximately described by a one-component reaction-262 

diffusion model, whereby the protein is produced at a localised source region before diffusing 263 

and eventually decaying (Methods). With this, we can replicate the observed gradient, with the 264 

inclusion of a degradation term (Figure 4B). To describe the eGFP::NLSbcdHD profile, we 265 

considered an effective diffusion, representing the combined fast and slow forms (Methods). 266 

By simply altering the effective diffusion, we see that the change in gradient of 267 

eGFP::NLSbcdHD embryos is consistent with a reaction-diffusion model of gradient formation, 268 

without changing the degradation rate of eGFP::NLS (Figure 4B). 269 

 270 

Given the above observations, we next asked how the Bcd gradient itself forms given: (1) it 271 

has multiple dynamic modes that vary across the embryos; and (2) within the first 300 µm of 272 

the gradient its profile is similar to eGFP::NLSbcdHD. There are (at least) four effective modes 273 

of Bcd transport: (1) fast cytoplasmic fraction; (2) slow cytoplasmic fraction; (3) fast nuclear 274 

localised fraction; and (4) slow nuclear localised fraction (which is largely due to Bcd DNA 275 

binding) (Figure 4C). We know the fractions in each population in the anterior and posterior 276 

of the embryo (Figure 1H). As our focus here is on the long-range establishment of the Bcd 277 

morphogen gradient, we considered the nuclear bound fraction to be stationary, and considered 278 

the cytoplasmic component. This assumption is supported by work showing that the Bcd 279 

gradient can form with substantially reduced Bcd nuclear import.47 To implement the spatially 280 

varying diffusion coefficient, we consider �$,"(�) = �$,"
+ @1 + ,

,!
A  for both slow and fast 281 

cytoplasmic components. It is likely this is really a function of concentration (discussed below), 282 

but we use this linear form for simplicity. To account for the changes in the fraction in the slow 283 

and fast forms across the embryo, we consider the rate, � of transition from fast to slow forms 284 

to behave as �(�-) = �+ ."

."/.!
 where �- = �$ + �" is the total amount of Bcd at each position, 285 

�$ and �" are the slow and fast forms of Bcd concentration respectively, and �+	, �+ are 286 

constants.  287 

 288 

Applying these assumptions, leads to the coupled differential equations  289 

��$(�, �)
�� = �

�� F�$(�) �
�� �$(�, �)G 2 �$�$(�, �) 2 ��$(�, �) + �(�-)�"(�, �) 290 

��"(�, �)
�� = �

�� F�"(�)
�
�� �"(�, �)G 2 �"�"(�, �) + ��$(�, �) 2 �(�-)�"(�, �) 291 

where �$," denotes the degradation rate for the slow and fast forms and � is the rate of slow-292 

to-fast transition. For simplicity we keep all parameters constant that are not explicitly 293 

highlighted as having a functional dependence. Implementing parameters based on our above 294 

and other in vivo measurements28,29,48 we can plot the Bcd gradient as a function of time and 295 

position (Figure 4D). From this, we see three important points: (1) having the two forms leads 296 

to more rapid gradient formation at larger distances; (2) the increased fraction in the fast form 297 

results in increased concentration in the posterior; and (3) the steady-state gradient in the 298 
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domain [0 µm, 300 µm] is similar across different conditions, consistent with the observations 299 

on eGFP:: bcdHDNLS. Even with the multiple species and varying diffusion, the gradient is still 300 

exponential across a large extent (black dashed line, Figure 4D), consistent with experimental 301 

observations.4 Yet, importantly, we see increased concentration in the posterior for our 302 

concentration-dependent model compared with the SDD model, consistent with experimental 303 

observation of Bcd in the most posterior.49 304 

 305 

Discussion 306 

We have provided a detailed analysis of morphogen dynamics in both space and time. The FCS 307 

measurements are consistent with eGFP::Bcd having highly motile and slower fractions, in 308 

both the nucleus and the cytoplasm. In the nucleus, the two populations can be largely (though 309 

not completely) explained by Bcd binding to DNA. In the cytoplasm, interactions with caudal 310 

mRNA do not seem to play a major role in determining Bcd dynamics. It is possible that Bcd 311 

interacts with cytoplasmic elements, including actin and microtubule structures,50 which alter 312 

its diffusivity. The ability to transform the eGFP::NLS gradient into one that qualitatively 313 

matches the eGFP::Bcd gradient through the addition of the Bcd homeodomain suggests that 314 

this region of Bcd is critical in determining Bcd dynamics. Given the changing fractions of the 315 

fast and slow populations along the embryo, the interactions between the populations are likely 316 

non-linear, and dependent on the local eGFP::Bcd concentration. 317 

 318 

Our results help to resolve several observations regarding eGFP::Bcd dynamics. First, FRAP 319 

measurements of eGFP::Bcd in the cytoplasm have reported an effective diffusion coefficient 320 

in the range 0.3 2 1	µm)/s.4,29 Our measurements of the cytoplasmic slow fraction 321 

(Dslow~1µm2/s) are consistent with this. This suggests that the dynamics of the fast fraction 322 

were not captured by previous FRAP measurements. Second, single molecules of eGFP::Bcd 323 

have been observed in the embryo posterior.24 Even with an effective diffusion coefficient of 324 

7	µm)/s, few molecules would be expected at the posterior given the estimated Bcd lifetime 325 

(30-50 minutes). However, we show that eGFP::Bcd in its fastest form can move quickly 326 

(~18	µm)/s), and the fraction of eGFP::Bcd in this form increases at lower concentrations. 327 

Therefore, it is possible for a subpopulation of eGFP::Bcd to reach the posterior, while the 328 

majority of eGFP::Bcd forms a steep concentration profile (Figure 4D). This is consistent with 329 

theoretical predictions, that also postulated that Bcd may have spatially varying dynamics.30 330 

Bcd maintains a similar profile across multiple nuclear cycles.4 The presence of a rapidly 331 

diffusing pool can (at least partially) help to re-establish the gradient quickly after each 332 

division. Finally, it has been proposed that Bcd can be produced throughout the embryo, 333 

without need for long-ranged diffusive transport.12 Yet, our results suggest that >50% of 334 

eGFP::Bcd exists in a rapidly diffusing form (� > 5	µm)/s), which will <wash out= a locally 335 

produced gradient. 336 

 337 

Such spatially varying dynamics have been hypothesised previously.51 The subcellular gradient 338 

of Mex-5 within the C. elegans embryo has spatially varying dynamics, due to interactions 339 

mediated by polarised distribution of PAR proteins52 and a recent study in Xenopus extracts 340 

has shown that cytoplasmic organisation can alter protein diffusivity.53 In our case, the specific 341 
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mechanism of dynamic change is not clear. There are not known significant structural 342 

differences in the anterior and posterior ends of the embryo at this stage nor are there gradients 343 

of polarity. Our results suggest that the Bcd homeodomain has a role in regulating the protein 344 

dynamics in the cytoplasm. Bcd binds to the BRE (Bicoid response element) in the caudal 345 

39UTR and it also binds to the 59CAP of the caudal mRNA through its PEST domain via 346 

adaptor proteins.39,44,54,55 Therefore, our mutants may only have partial loss of Bcd binding to 347 

the caudal RNA in the cytoplasm. Future work could explore mutations in both the 348 

homeodomain (N51A) and the PEST domain. Bcd may also bind to cytoskeletal elements that 349 

alter the dynamics. Alternatively, if caudal binding is the dominant factor slowing Bcd in the 350 

posterior, we predict that there should be a larger fraction of Bcd in the slow population in 351 

caudal over-expressing embryos. There are additional factors, such as Zelda, that may also 352 

play a role in spatially varying the effective Bcd dynamics.47 Finally, our above results suggest 353 

that the transition between the slow and fast cytoplasmic forms may depend non-linearly on 354 

the local Bcd concentration. More refined spatial dissection of the dynamics may help 355 

illuminate this behaviour more clearly. 356 

 357 

We have used dual colour imaging to ensure that we are recording accurately either nucleus or 358 

cytoplasmic pools. An alternative strategy is to use imaging-FCS.21 With this approach, the 359 

available timescales are reduced (lowest time resolution about 0.1 ms) but spatial cross-360 

correlation can be explored.21 This approach also has the advantage of being able to image 361 

throughout mitosis, as spatial movements of the nuclei can be accounted for. It will be 362 

interesting to explore how Bcd dynamics change during nuclear division in the blastocyst. 363 

 364 

Overall, the combination of new reagents with careful FCS measurements has revealed insights 365 

into how a morphogen gradient can form across the required spatial and temporal scales. 366 

Outstanding questions include: (1) what interactions are determining Bcd dynamics in the 367 

cytoplasm; (2) is Bcd diffusivity concentration-dependent, and if so how; and (3) whether other 368 

morphogens display position/concentration dependent dynamics?  369 
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Generation of fly lines 386 

eGFP::Bcd fly line was a gift from Thomas Gregor.4 The eGFP::Bcd line was generated by 387 

introducing eGFP coding region into the N-terminus of the bcd coding region after the start 388 

codon in the pCaSpeR7 Bcd plasmid.56-58 eGFP tagged Bcd was brought in the background of 389 

bcd1 null allele to ensure that it is the only source of Bcd in these embryos. eGFP::Bcd was 390 

crossed with His2A::mCherry59 to mark the nuclei of early blastoderm embryos, such that the 391 

560-laser line could act as a reference to mark the nucleus and to differentiate the cytoplasmic 392 

region in the syncytium. eGFP::BcdN51A and eGFP::BcdR54A mutant lines were generated by 393 

introducing point mutations at specific locations in the homeodomain of the eGFP::Bcd 394 

pCaSpeR7 construct using primers bearing appropriate base pair changes. 395 

 396 

For control, we generated an eGFP::NLS line expressed using the Bcd regulatory sequences.60 397 

We introduced a nuclear localisation sequence and a stop codon at the end of the eGFP 398 

sequence in the eGFP::Bcd pCasper7 plasmid as described in Ref. 60. Upon translation, the 399 

eGFP::NLS generated a gradient expression across  the A-P axis of the embryo (Figure S2A; 400 

Figure 4A). For generating eGFP::NLSbcdHD line, we introduced the homeodomain sequence 401 

of Bcd that codes for 60 aminoacids. We PCR amplified the 180 bp homeodomain sequence 402 

from exon 3 of the Bcd genomic region using primers that had a GS6 linker and Kpn1 restriction 403 

site at their extreme ends. The Kpn1-GS6-bcdHD-GS6 3Kpn1 fragment was digested and 404 

inserted into the newly introduced Kpn1 site of the acceptor eGFP::NLS plasmid.  405 

 406 

Preparation of embryos for FCS measurements 407 

eGFP::Bcd; His2A::mCherry embryos at n.c. 9 were dechorionated and mounted in PBS on a 408 

coverslip in such a way that the dorsal surface of the embryo struck to the surface of the 409 

coverslip and faced the objective. The cortical planar surface of the embryo, which contained 410 

the maximum number of in-focus nuclei, was selected for FCS measurements (Figure 1A). 411 

His2A::mCherry marked nuclei was used as a reference for the nuclear Bcd FCS 412 

measurements, and the area devoid of His2A::mCherry was used for the cytoplasmic Bcd 413 

measurements.  414 

 415 

FCS conditions: 416 

Fluorescence Correlation Spectroscopy (FCS) was carried out using a FV1200 confocal 417 

microscope (Olympus) equipped with a time-resolved FCS upgrade kit (PicoQuant) at 250C. 418 

The 488 nm pulse wave laser line was used to excite eGFP::Bcd through an UplanSApo 60 X 419 

NA 1.2 water immersion objective (Olympus). The laser power was optimised using nuclear 420 

eGFP::Bcd at n.c. 14. Laser powers of 2-3¿W, which had better signal to noise ratio and 421 

minimal photobleaching, were used for FCS measurements both in the nucleus and cytoplasm 422 

regions of the anterior and posterior domains of the embryo (Methods Figure 1). The 423 

fluorescence emission was passed through a 405/488/543/635 dichroic mirror (Chroma 424 

Technology), confocal pinhole of one airy unit (120 ¿m), and then split using a 50/50 mirror 425 

plate. The split emission was detected simultaneously by an avalanche photodiode (SPCM-426 

AQR14; PerkinElmer). Dual detector measurements effectively remove after-pulsing 427 

information in the FCS curves. The photon counts from the detector were registered by a 428 

TimeHarp 260 time-correlated single photon counting board (PicoQuant) and processed by the 429 
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SymPhoTime 64 software (PicoQuant). The same software was also used to calculate the cross-430 

correlation function.  431 

 432 

Calibration of FCS measurements: 433 

We calibrated eccentricity of the 434 

confocal volume, k before each 435 

round of measurements using 436 

the reference dye Atto-488 (Atto-437 

Tec) that has a diffusion coefficient 438 

400 ¿m2/s at room temperature.61 439 

The effective volume of calibration 440 

(Veff , from picoquant)  was found to 441 

be 0.25±0.04fl and the value of  442 

k was found to be 5.6±0.9. The value 443 

for k was fixed at 5.6. 444 

 445 

Estimation of eGFP::Bcd 446 

concentration in the measurement 447 

volume:  448 

We estimated the concentration of 449 

eGFP::Bcd and eGFP::NLS through 450 

generating a standard curve (Method 451 

Figure 2). A high known 452 

concentration of Atto-488 dye was 453 

serially diluted to lower 454 

concentrations (10, 7, 5, and 2 nM) and the correlation amplitudes determined. A plot of the 455 

inverse of correlation amplitude i.e., the number of molecules vs concentration in nM fit  a 456 

linear line (Methods Figure 2B). The unknown concentrations of eGFP::Bcd and eGFP::NLS 457 

in the embryos were found from the line equation shown in Methods Figure 2B.  458 

 459 

Qualitative comparison of ACF curves: 460 

ACF curves of individual measurements were normalised and compared to show their 461 

qualitative differences. The ACF curves were normalised using the formula  462 

�(�) 2 �(>)/�(0) 2 �(>). G (0) is the amplitude of the ACF curves (typically at lag time 463 

0.0001s), G (>) is the convergence value at the longer lag times (typically 1s).  464 

 465 

Methods Figure 1: Laser power optimisation (A, C) 

line plot showing the time trace of the eGFP:Bcd in 

the anterior (A) and posterior nuclei (C). Mean (solid 

line) and SD (dotted line) of the time trace are shown 

for laser powers 0, 1.9 and 4µw. (B, D) Mean counts 

per sec increases with laser power and gets saturated 

above laser power of 4µw due to photobleaching. 
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 466 

 467 

FCS curve Fitting: 468 

The FCS curves of each measurement were fitted by 3-dimensional diffusion models involving 469 

diffusion of 1 and 2 species with and without reversible switching of the fluorophores to dark 470 

states, using Igor-Pro (8.03), FCS data processing plugin, Version 2.1, based on Refs 58, 60 471 

and 61. The 3D model involving diffusion of 2 species was selected as it provided a good fit 472 

determined through quality of the residuals of each plot.29 Photophysical processes, e.g., triplet 473 

transitions (Atto488) or photoisomerisation and protonation kinetics (eGFP) at short times62 474 

are a concern when estimating accurate diffusion times. The error rate in the measurement of 475 

the diffusion time becomes worse if the characteristic times of photophysical processes are 476 

large enough to overlap with the diffusion time. Further, since the brightness eGFP:Bcd in the 477 

anterior and posterior cytoplasm is lower compared to the nuclei, the noise in these curves 478 

further limits the distinction between photophysics and diffusion, reducing the accuracy of the 479 

determined tD values.  480 

 481 

Therefore, we fitted our FCS curves with different time ranges to include or exclude the 482 

photophysical processes at short times. A lag time range of 0.001ms to 1s was considered for 483 

fits including photophysics and 0.1 ms to 1 s for fits excluding photophysics. The photophysical 484 

parameters, denoted for simplicity as ttrip for the characteristic time and Ftrip for the fraction, 485 

were allowed to vary.  Comparable tD1 and tD2 values of fits in- or excluding photophysics of 486 

each curve were selected. Our estimation reveals comparable photophysics parameters values 487 

across the A-P axis (Method Figure 3). The majority of the t triplet values range from 0.03 to 488 

0.08ms (30 to 80µs) is comparable to the characteristic times of eGFP measured previously.63,64 489 

The fraction ranges from 0.15 to 0.22 (Method Figure 3). The data with anomalies due to 490 

photobleaching or sudden jumps in the intensities due to movement of the nucleus during 491 

measurements, were excluded from evaluation. 492 

 493 

Method Figure 2: calibration of effective volume to estimate the concentration (A) 

Normalised ACF curves (grey) of Atto-488 of different concentration and the 1-particle 1-

triplet fits. (B) linear increase in number of molecules in the confocal volume upon increasing 

the concentration of Atto-488 (2,5,7, and 10nM).  
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 494 

 495 

Quantification of eGFP::Bcd and eGFP::NLS gradients: 496 

Time lapse videos of embryos at n.c. 14 were acquired along the longitudinal plane passing 497 

through midline of the embryo. For each embryo, two separate images of size 512x512 pixels 498 

along the mid sagittal plane covering anterior and posterior domains of the embryo were 499 

stitched together. The images were captured at 8bits/pixel, pixel dwell time of 3 µs, line 500 

averaging 4, 5 Z-sections of thickness 1 µm each. The conditions captured maximum in-focus 501 

peripheral nuclei along the mid-sagittal plane in the Zeiss LSM 710 confocal scanning 502 

microscope. The nuclear eGFP intensities along the embryo circumference at n.c. 14 were 503 

measured using plot profile plugin of image J. A line mask along the circumference of the 504 

embryo was drawn covering the nuclei. The measured raw intensity profile along the 505 

circumference of the embryo was background corrected and plotted against the actual length 506 

of the embryo.  507 

 508 

Modelling of gradient formation: 509 

For the eGFP::NLS model (Figure 4B), we consider the concentration (�) as, 510 

�%�(�, �) = ��,)�(�, �) 2 ��(�, �) + ��(�, �$) 511 

where D is the diffusion coefficient, � the degradation rate and ��(�, �$) defines the 512 

production region, and �(�, �$) = 1	��	� < �$ and 0 otherwise. Boundary conditions 513 

�,�(� = 0, �) = 0 and �,�(� = �, �) = 0 were used, where � = 500�� represents the 514 

embryo length. 515 

 516 

For eGFP::Bcd, the equations are given in the main text. All equations solved in 1D using 517 

MATLAB pdepe solver with zero flux boundary conditions at x=L.  518 

Method Figure 3: Estimation of triplet lifetime, t triplet and its fraction (Ftriplet):  (A) Box-

whisker plot showing the values of the characteristic times of photophysical processes, t triplet, 
from multiple ACF curves measured from 4 embryos, across all compartments. The fraction 

(Ftrip)is given in B. AC- anterior cytoplasm, PC-posterior cytoplasm, AN-anterior nuclei, and 

PN-posterior nuclei.  
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Figures and legends 519 

 520 

Figure 1: Spatio-temporal dynamics of eGFP::Bcd in the early Drosophila embryo 521 

(A) Drosophila blastoderm showing the interphase periods of nuclear cycles (n.c.) 12, 13 and 522 

14. Nuclei (mCherry::His2An, magenta) and eGFP::Bcd (green). Dots and stars indicate 523 

cytoplasmic and nuclear regions, respectively, where FCS measurements are carried out in the 524 

anterior (red) and posterior (green). (B) Qualitative comparison of normalised and averaged 525 

autocorrelation (ACF) curves with mean and S.D. of eGFP::Bcd in the cytoplasmic and nuclear 526 

compartments of the n.c. 12,13, and 14 interphases. The anterior and posterior domains are 527 

shown in the upper and lower panels respectively. Lag times from 0.0001secs to 1sec are 528 

shown. (B9) Superimposed cytoplasmic (left) and nuclear ACF (right) curves from the anterior 529 

(red) and posterior (green). (C, D) Comparison of ACF curves (grey) with residues fitted with 530 

3D 2-particle 1-triplet diffusion model. The comparisons are shown from 0.0001 sec to 1 sec 531 

lag times for visual clarity. Red and green fits correspond to anterior and posterior, 532 

respectively. (E-G9) Scatter plots comparing: effective diffusion coefficients (E); concentration 533 

(F); Dfast (G); and Dslow (G9) of eGFP::Bcd in the anterior cytoplasm (AC), posterior cytoplasm 534 

(PC), anterior nuclei (AN), and posterior nuclei (PN). For each condition, multiple 535 

measurements are  taken from between 3-5 embryos in n.c. 12 to n.c. 14. (H). Bar plots 536 

indicating fractions (%) of fast and slow diffusing Bcd molecules in the corresponding embryo 537 

compartments. Error bars ±1 s.d. P values calculated using a two-sided permutation test.65 538 
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 539 

Figure 2: Bcd homeodomain alters nuclear Bcd dynamics 540 

(A) Schematic of Drosophila bcd genomic region. 60 amino acids constituting bcd 541 

homeodomain is expanded. Amino acid conversion at position 51 from asparagine to alanine 542 

(N51A) is displayed. (B) Midsagittal section of n.c. 14 Drosophila embryo expressing 543 

eGFP::BcdN51A (top) and mCherry tagged histone (bottom). (C-D9) Qualitative comparison of 544 

averaged normalised ACF curves (grey) of eGFP::Bcd and eGFP::BcdN51A with residues fitted 545 

with 3D 2-particle 1-triplet diffusion model. Red and green fits correspond to nuclear and 546 

cytoplasmic regions of anterior and posterior regions of Bcd, respectively. Yellow and purple 547 

fits correspond to eGFP::BcdN51A . (E-E9) Comparison of the effective diffusion coefficients of 548 
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eGFP::Bcd and eGFP::BcdN51A in the nucleus (E) and cytoplasm (E9). (F-F9) Scatter plots 549 

comparing Dfast (F) and Dslow (F9) of eGFP::BcdN51A at different locations within the embryo 550 

(labelling as Figure 1E-G9). (G) Bar plots indicating fractions (%) of fast and slow diffusing 551 

eGFP::BcdN51A molecules in the corresponding embryo compartments. P values calculated 552 

using a two-sided permutation test.65 All error bars denote ±1 s.d. 553 

 554 

 555 
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Figure 3: Effects on dynamics of adding the Bcd homeodomain to NLS  556 

(A) Schematic of the construction of the eGFP::NLS and eGFP::NLSbcdHD lines. The bcd 557 

homeodomain is inserted between eGFP and NLS flanked by GS6 linker to generate 558 

eGFP::NLSbcdHD. (B-C9) Comparison of averaged normalised ACF curves (grey) of 559 

eGFP::NLS and eGFP::NLSbcdHD with residues fitted with 3D 2-particle 1-triplet diffusion 560 

model. Red and green fits correspond to nuclear and cytoplasmic regions of anterior and 561 

posterior, respectively. Purple and violet fits correspond to eGFP::NLSbcdHD. (D-D9) 562 

Comparison of the effective diffusion coefficients of eGFP::NLS and eGFP::NLSbcdHD for 563 

nuclei (D) and cytoplasm (D9). (E-E9) Scatter plots comparing Dfast (E), and Dslow (E) for 564 

eGFP::NLSbcdHD. (F) Bar plots indicating fractions (%) of fast and slow diffusing 565 

eGFP::NLSbcdHD molecules in the corresponding embryo compartments. P values calculated 566 

using a two-sided permutation test.65 All error bars denote ±1 s.d. 567 

 568 
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Figure 4: Concentration-dependent parameters within the SDD model can replicate the 569 

observed Bcd dynamics and gradient 570 

(A) Midsagittal section of Drosophila embryos at n.c.14 expressing eGFP::NLS (top), 571 

eGFP::NLSbcdHD (middle), and eGFP::Bcd (bottom). (B) Comparison of normalised gradient 572 

profiles between eGFP::NLS (light grey), eGFP::NLSbcdHD (grey) and eGFP::Bcd (black). 573 

Model fits (Methods) for eGFP::NLS (magenta), eGFP::NLSbcdHD (green). (C) Schematic of 574 

predicted Bcd dynamic modes based on results presented here and existing literature. (D) 575 

Model prediction for formation of the Bcd gradient, where we consider a classic SDD model 576 

(blue), 2-component diffusion without parameter sensitivity on concentration (green) and 2-577 

component diffusion with concentration dependence in the switching between fast and slow 578 

states (orange). Dotted, dashed and solid lines correspond to 10 min, 25 min and 120 min 579 

respectively after initiating the simulation (which starts at zero). 580 

 581 

 582 

Data Availability 583 

Raw data of the ACF curves will be provided on request.      584 
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