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Abstract 17 

A key problem in development is to understand how genes turn on or off at the right place and right time 18 
during embryogenesis. Such decisions are made by non-coding sequences called ‘enhancers’. Much of our 19 
models of how enhancers work rely on the assumption that genes are activated de novo as stable domains 20 
across embryonic tissues. Such view has been strengthened by the intensive landmark studies of the early 21 
patterning of the anterior-posterior (AP) axis of the Drosophila embryo, where indeed gene expression 22 
domains seem to arise more or less stably. However, careful analysis of gene expressions in other model 23 
systems (including the AP patterning in vertebrates and short-germ insects like the beetle Tribolium 24 
castaneum) painted a different, very dynamic view of gene regulation, where genes are oftentimes 25 
expressed in a wavelike fashion. How such gene expression waves are mediated at the enhancer level is 26 
so far unclear. Here we establish the AP patterning of the short-germ beetle Tribolium as a model system 27 
to study dynamic and temporal pattern formation at the enhancer level. To that end, we established an 28 
enhancer prediction system in Tribolium based on time- and tissue-specific ATAC-seq and an enhancer 29 
live reporter system based on MS2 tagging. Using this experimental framework, we discovered several 30 
Tribolium enhancers, and assessed the spatiotemporal activities of some of them in live embryos. We 31 
found our data consistent with a model in which the timing of gene expression during embryonic pattern 32 
formation is mediated by a balancing act between enhancers that induce rapid changes in gene 33 
expressions (that we call ‘dynamic enhancers’) and enhancers that stabilizes gene expressions (that we 34 
call ‘static enhancers’). 35 

  36 
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Introduction 37 

While an embryo is growing, each cell continuously receives inputs from surrounding cells. The cell 38 
processes these inputs and decides its fate accordingly. This decision-making process relies on non-coding 39 
sequences called ‘enhancers’ (1,2). Much of our models of how enhancers work during development relies 40 
on the assumption that genes are activated de novo across embryonic tissues as stable domains of gene 41 
expression (3–5), that then undergo little or no change, either indefinitely or until they do their job 42 
whereafter they gradually fade away. Such a view has been strengthened by the intensive landmark 43 
studies of the early patterning of the anterior-posterior (AP) axis of the fruit fly Drosophila melanogaster 44 
embryo, where indeed gene expression domains seem to arise more or less stably (reviewed in (6–9)). 45 
However, careful analysis of gene expressions in other model systems painted a different, very dynamic 46 
view of gene regulation (9,10). For example, during the AP patterning of vertebrates, oscillatory waves of 47 
gene expressions were shown to sweep the embryo before they stabilize into their final positions (9,11–48 
16), demarcating future vertebrae. Likewise, Hox gene expressions propagate along the AP axis of 49 
vertebrates, demarcating future axial identities (9,17–21). In both neural tube and limb bud of 50 
vertebrates, gene expressions arise in a temporal sequence and spread across the tissue, dividing them 51 
into different embryonic fates (22–27).  52 

Surprisingly, patterning of the AP axis of insects, the same process that popularized the static view of gene 53 
regulation, turned out to be much more dynamic than previously thought. In insects, the AP axis is divided 54 
into segments via the striped expression of a group of genes called ‘pair-rule’ genes, and into domains of 55 
different axial fates via the expression of a group of genes called ‘gap genes’ (6,9). In the flour beetle 56 
Tribolium castaneum, a short-germ insect thought to adopt a more ancestral mode of AP patterning than 57 
long-germ insects like Drosophila, both pair-rule and gap genes are expressed as dynamic waves that 58 
propagate from posterior to anterior (28–32). Similar dynamics seem to be involved in segmentation in 59 
other insects and arthropods (33–39). Even pair-rule and gap genes in Drosophila, classically thought to 60 
be expressed stably, were shown more recently to undergo dynamic (albeit limited) posterior-to-anterior 61 
shifts (40–44), a phenomenon that has been suggested to be an evolutionary vestige of outright gene 62 
expression waves of the sort observed in Tribolium (9,45–48). These observations show that the static 63 
view of gene regulation, once popularized by classical studies of AP patterning in Drosophila, is inaccurate 64 
and that gene regulation is in most cases a dynamic phenomenon. Hence, new models of embryonic 65 
pattern formation – and concomitantly, new models of how enhancers work within pattern formation 66 
models – are needed. 67 

Some of the authors have recently suggested a model that explains the generation of either periodic or 68 
non-periodic waves of gene expressions, termed the ‘Speed Regulation’ model (Figure 1A,B) 69 
(9,31,32,45,49). In this model, a morphogen gradient (of a molecular factor we termed the ‘speed 70 
regulator’) modulates the speed of either a molecular clock or a genetic cascade. This scheme was shown 71 
(in silico) to be able to produce periodic waves in the former case (Figure 1A), and non-periodic waves in 72 
the latter (Figure 1B). The model was shown to be involved in generating pair-rule and gap gene 73 
expression waves in the early Tribolium embryo (30,31), and consistent with recent findings in vertebrate 74 
somitogenesis (50–52). Furthermore, a molecular model, termed the ‘Enhancer Switching’ model (Figure 75 
1C,D), has been suggested as a mechanism for how a morphogen gradient could fine-tune the speed of a 76 
clock or a genetic cascade, serving as a molecular realization of the Speed Regulation model (9,31,49). The 77 
Enhancer Switching model posits that each patterning gene is simultaneously wired into two gene 78 
regulatory networks (GRNs) (Figure 1C): (i) a dynamic GRN that drives periodic or sequential gene 79 
activities, and (ii) a static GRN that stabilizes gene expressions. The concentration of the speed regulator 80 
(shown in gray in Figure 1C) activates the dynamic GRN while represses the static GRN, and hence sets 81 
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the balance between the contribution of each GRN to the overall dynamics and, consequently, the speed 82 
of gene regulation (9,31,49). At high concentrations of the speed regulator, the dynamic GRN is more 83 
dominant than the static one, and hence fast oscillations or sequential gene activities are mediated. On 84 
the other hand, at low concentrations of the speed regulator, the static GRN is more dominant, and hence 85 
slow oscillations or sequential gene activities are mediated. As mentioned, the model posits that each 86 
gene is wired into two different GRNs, a requirement that was suggested to be realized using two 87 
enhancers per patterning gene: (i) a dynamic enhancer that encodes the wiring of the gene within the 88 
dynamic GRN, and (ii) a static enhancer that encodes the wiring of the gene within the static GRN (Figure 89 
1D). The model is partially supported (or rather inspired) by observations in the early Drosophila embryo, 90 
where the gap gene Krüppel (Kr) was shown to be regulated by two enhancers whose activities resemble 91 
those predicted by the Enhancer Switching model (31,41). Similar observations were made for the 92 
Drosophila gap gene giant (gt) (53). Furthermore, in vertebrates, it has been suggested that some 93 
enhancers or genetic programs mediate the initiation of segmentation clock waves posteriorly, and others 94 
mediate their anterior expressions (54–56). 95 

Most of enhancers regulating AP patterning have been discovered and characterized in Drosophila, and 96 
so early patterning of the Drosophila embryo might seem like a good model system to study enhancer 97 
regulation of dynamic gene expressions (57,58). However, the observed gene expression dynamics of 98 
Drosophila gap and pair-rule genes are only vestigial, not outright waves of the sort observed during the 99 
AP patterning of vertebrates or short-germ insects like Tribolium. Hence, we sought to test the predictions 100 
of our Enhancer Switching model in a system where ‘canonical’ gene expression waves are observed. We 101 
thought that the AP patterning of Tribolium serves our purpose well, and more generally, is an excellent 102 
model system to study enhancer regulation of dynamic gene expressions. First, Tribolium exhibits robust 103 
systemic RNAi, which greatly eases the generation of RNAi knockdowns using parental RNAi (59–62). 104 
Second, AP patterning takes place in the early Tribolium embryo, which eases the interpretation of RNAi 105 
knockdowns generated using parental RNAi, without the need of time-specific or tissue-specific genetic 106 
perturbations. Indeed, most genetic interactions between gap and pair-rule genes in Tribolium have been 107 
elucidated by a handful of labs over a few years since the discovery of the efficacy of parental RNAi in 108 
Tribolium (31,32,63–74). Third, several genetic and genomic tools have been developed for Tribolium (75): 109 
transgenesis (76,77), transposon-based random mutagenesis (78), large-scale RNAi screens (62), CRISPR-110 
Cas9 (79,80), live imaging (29,81–83), and a tissue culture assay (29,84). Fourth, the Tribolium genome is 111 
compact compared to vertebrate model systems, rendering enhancer discovery more tractable in that 112 
organism. 113 

Thus, in this work, we sought to establish the patterning of the early Tribolium embryo as a model system 114 
for studying enhancer regulation of dynamic gene expressions and wavelike gene expression patterns. To 115 
that end, we set to (i) discover enhancer regions that regulate early patterning genes in Tribolium, and (ii) 116 
characterize the spatiotemporal activity dynamics of these enhancers.  117 

Several strategies can be used to predict enhancer regions, each with their own advantages and 118 
disadvantages. Assaying open chromatin is a popular method. In particular, “Assay for Transposase-119 
Accessible Chromatin with high-throughput sequencing” (ATAC-seq) (85) is fast and sensitive, and requires 120 
very little embryonic tissue (often one embryo, or even a tissue dissected from one embryo) compared to 121 
other open chromatin assays. Nevertheless, not all open chromatin regions are active enhancers. 122 
Chromatin is also accessible at promoters, insulators, and regions bound by repressors (86–89), and 123 
hence, enhancer discovery using open chromatin assays has a high false positive rate. Interestingly, 124 
chromatin accessibility has been shown to be dynamic across space and time at active developmental 125 
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enhancers compared to other regulatory elements like promoters (90–92), and therefore, dynamic 126 
chromatin accessibility has been proposed as an accurate predictor for active enhancers. Thus, in this 127 
paper, we used a time-specific and tissue-specific ATAC-seq assay to elucidate the dynamics of open 128 
chromatin in space and time in the early Tribolium embryos, used the assay to discover a number of active 129 
Tribolium enhancers, and assessed the association between differential ATAC-seq peak accessibility and 130 
enhancer activity. 131 

The second step to understand how enhancers mediate dynamic gene expressions and wavelike gene 132 
expression patterns is to characterize the spatiotemporal dynamics driven by the discovered enhancers. 133 
In situ staining of carefully staged embryos can go a long way in characterizing dynamic gene expressions. 134 
However, salient features of these dynamics can be missed using this method, and a strategy to visualize 135 
enhancer activities in live embryos is thus needed. Using fluorescent proteins (FP) as reporters for 136 
enhancer activities has been traditionally the method of choice in live imaging studies. Nonetheless, FPs 137 
suffer from low degradation rates, which results in averaging out of fast changing gene expressions, 138 
rendering them unsuitable for visualizing highly dynamic gene activities. This problem can be 139 
circumvented by using a destabilized version of FPs (93). However, the reported reduction in FP, although 140 
decent, is not enough to detect fast dynamics of many developmental genes. Moreover, destabilized FP 141 
suffers from low fluorescent intensity (94). Another strategy is to tag RNAs (95), like in MS2 tagging (96), 142 
where MS2 tandem repeats are inserted within a reporter gene. Upon reporter gene activation, the MS2 143 
repeats are transcribed into stem loops that readily bind MS2 virus coat protein (MCP). If MCP-FP fusion 144 
proteins are ubiquitously present in the background, they are then recruited at the transcription site in as 145 
many numbers as RNA polymerases are actively transcribing the MS2 reporter gene, offering a natural 146 
form of signal amplification. This strategy can be used to visualize de novo transcription (41,42,97–99), 147 
avoiding the averaging effect of using FPs as reporters. Therefore, to study the dynamics of gene 148 
expression waves during embryogenesis, we established an MS2-tagging system in Tribolium, and used it 149 
to visualize the activities of some of the enhancers we discovered using our enhancer discovery system. 150 

In summary, we established in this paper a framework for enhancer discovery and enhancer activity 151 
visualization in both fixed and live embryos in Tribolium. First, we assayed the dynamics of open chromatin 152 
in space and time in the Tribolium embryo using ATAC-seq, and used the assay to discover a number of 153 
active enhancers. Of importance to future efforts in that vein, we found that active enhancer regions 154 
overlap with chromatin accessible sites that significantly vary across the AP axis of the embryo. Second, 155 
we established an MS2-MCP enhancer reporter system in Tribolium to visualize the activity dynamics of 156 
discovered enhancers in both fixed and live embryos. Using this enhancer reporter system, we showed 157 
that some of the discovered enhancers regulating gap and pair-rule genes feature expression patterns 158 
that are in line with the Enhancer Switching model. 159 

Results 160 

Profiling chromatin accessibility landscape along the AP axis of the early Tribolium embryo 161 

Genomic regions of increased chromatin accessibility are typically endowed with regulatory activity 162 
(92,100). At enhancers in particular, chromatin accessibility has been shown to be dynamic across space 163 
and time, and so we set to assay the dynamics of the accessible chromatin landscape in the Tribolium 164 
embryo. To that end, we dissected the Tribolium embryo at the germband stage into three regions across 165 
its AP axis (Figure 2A): anterior (‘a’), middle (‘m’), and posterior (‘p’), and performed ATAC-seq on each 166 
region. We did that for two time points: 23-26 hours after egg lay (AEL) (hereafter, termed IT23), and 26-167 
29 hours AEL (hereafter, termed IT26) (Materials and Methods). Our experimental design included six 168 
sample groups (3 regions x 2 time points) with 2-3 biological replicates. We generated and sequenced 17 169 
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ATAC-seq libraries to an average depth of 1,835,762 unique, high-quality pairs of reads (3.6X genomic 170 
coverage, Materials and Methods). Biological replicates of our ATAC-seq libraries were highly similar with 171 
a median Spearman’s correlation coefficient of 0.875 (Supplementary Figure 1), demonstrating the 172 
reproducibility of the data.  173 

We identified a total of 12,069 chromatin accessible sites (Materials and Methods), with 4,017 being 174 
specific to one or two particular regions of the germband and 1,610 to a given time point (Supplementary 175 
Figure 2). In agreement with the ability of ATAC-seq to detect distal regulatory elements in the genome 176 
(85), a large proportion of these sites were intergenic or intronic (46%, Supplementary Figure 3). Principal 177 
component analysis (PCA) of most variable accessible sites (Materials and Methods) mainly separated 178 
the samples along the AP axis of the embryo (Figure 2B-D), where the first principal component (PC1) 179 
accounted for 45.3% of the variance, whereas PC2 (18.0% of the variance) predominantly distinguished 180 
the middle of the germband from its anterior and posterior ends. Among all 12,069 sites, 3,106 (26% of 181 
the accessible genome) were differentially accessible when compared between different regions along 182 
the AP axis and/or time point (Materials and Methods). For 1,049 of those sites, changes in accessibility 183 
were observed in four or more comparisons, indicating more intricate and, generally, specific patterns of 184 
accessibility (Supplementary Figure 4). Remarkably, while 62% of the constitutively accessible sites 185 
corresponded to promoters and gene bodies, 66% of the differentially accessible sites were intergenic or 186 
intronic, and this proportion was even higher (74%) among the differentially accessible sites with more 187 
specific patterns of accessibility  (Figure 2E), suggesting that spatiotemporal control of transcription in the 188 
early Tribolium embryo is largely mediated by enhancers as opposed to promoters. Accessible sites were 189 
enriched for binding sites of several transcription factors (Materials and Methods; Supplementary Figure 190 
5). In particular, motifs consistent with the binding sites of 20 different transcription factors (Abd-A, Abd-191 
B, Ap, Awh, Cad, CG18599, CG4328, E5, Ems, Eve, Ind, Lab, Lbe, Lbl, Lim3, Pb, PHDP, Pho, Vfl, and Zen) 192 
were enriched among all types of sites, independently of their accessibility dynamics.  193 

When comparing accessibility along the AP axis at a particular time point, 2,109 sites were differentially 194 
accessible, the majority of them along the AP axis at IT26. In addition, only 132 sites were differentially 195 
accessible between IT26 and IT23 at the same portion of the embryo (Supplementary Figure 4B and 4C). 196 
To gain a better insight into the spatial and temporal dynamics of chromatin accessibility, we clustered all 197 
differentially accessible sites across the germband regions and time points (Figure 2F). Almost half of the 198 
sites were either not accessible in the anterior region of the embryo but accessible in the middle and 199 
posterior regions (cluster 4,756 sites), or not accessible in the middle and posterior regions of the embryo 200 
but accessible in the anterior region (cluster 5,698 sites). Approximately 25% of the sites showed 201 
predominantly monotonic changes in accessibility along the AP axis at IT23, either increasing (clusters 202 
3,420 sites) or decreasing (cluster 2,347 sites) from the anterior towards the posterior region of the 203 
embryo. Fifteen-percent of the sites showed similar accessibility levels in the anterior and middle part of 204 
the embryo, and decreased accessibility in the anterior part of the embryo (cluster 6,477 sites). Finally, 205 
13% of the sites were most accessible in the middle region of the embryo (cluster 1,408 sites). The sites 206 
exhibited similar trends along the AP axis at both time points, although with the exception of the sites in 207 
clusters 2 and 4, the sites were generally more accessible at IT26 than at IT23. Functional enrichment 208 
analysis of the gene nearest to each site (Materials and Methods) revealed that while all clusters are 209 
associated with “developmental process” and “anatomical structure development”, clusters 1 and 3 are 210 
specifically related to “pattern specification process” and “regionalization” and cluster 3 is specifically 211 
associated with “anterior/posterior pattern specification” (Supplementary Figure 6). 212 

Together, our findings indicate that changes in chromatin accessibility in Tribolium at this developmental 213 
stage are primarily associated with space rather than time, and are particularly evident when comparing 214 
the anterior part of the germband to the middle and posterior parts. Furthermore, our data suggests that 215 
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sites for which accessibility varies across space are especially likely to be associated with enhancer activity, 216 
laying the foundation for a promising enhancer prediction strategy based on differential ATAC-seq peak 217 
analysis. Before assessing this proposition, however, we set to establish an enhancer reporter system to 218 
validate the activity of predicted enhancers, and analyze their transcriptional dynamics. 219 
 220 
Establishing an MS2-MCP enhancer reporter system to visualize enhancer activity in fixed and live 221 
Tribolium embryos 222 

An enhancer reporter system has been previously established in Tribolium using mCherry as a reporter 223 
gene (101). However, long half lives of mCherry mRNA and proteins could average out fast transcriptional 224 
dynamics, precluding the analysis of gene expression waves. To circumvent this, we created a Tribolium 225 
enhancer reporter system capable of visualizing de novo transcription in both fixed and live embryos. Our 226 
enhancer reporter system is composed of the gene yellow, which has a long intron (2.7 kb). Visualizing 227 
intronic transcription of the reporter gene yellow using in situ staining in fixed embryos enables the 228 
detection of de novo transcription, and has been routinely used to analyze fast transcriptional dynamics 229 
in enhancer reporter experiments in Drosophila (102).  To visualize de novo transcription in live Tribolium 230 
embryos, we set to (i) modify the yellow reporter gene to allow for MS2 tagging, and (ii) create a Tribolium 231 
transgenic line with ubiquitous expression of an MCP-FP fusion. To that end, we created two piggyBac 232 
reporter constructs: ‘enhancer>MS2-yellow’ (Figure 3A) and ‘aTub>MCP-mEmerald’ (Figure 3B). For the 233 
enhancer>MS2-yellow construct, we place an enhancer of interest upstream of the Drosophila Synthetic 234 
Core Promoter (DSCP) and a MS2-yellow reporter gene. The MS2-yellow reporter is composed of 24 235 
tandem repeats of MS2 stem loops inserted in the 5′ UTR of the yellow gene, followed by an SV40 poly(A) 236 
tail. For the aTub>MCP-mEmerald line, we created a piggyBac construct in which the ubiquitous alpha-237 
tubulin promoter was placed upstream of a nuclear localization sequence (NLS) and an MCP-mEmerald 238 
fusion, followed by an SV40 poly(A) tail.  239 

This system is capable of visualizing enhancer activity both in fixed and live embryos. To visualize 240 
aggregate enhancer activity in fixed embryos, yellow gene expression is visualized using in situ staining in 241 
embryos carrying the enhancer>MS2-yellow construct. To visualize de novo transcription in fixed embryos, 242 
an in situ probe against yellow intron is used instead. To visualize de novo transcriptional activity of an 243 
enhancer in live embryos, a male beetle carrying the enhancer>MS2-yellow construct is crossed with a 244 
female beetle carrying the aTub>MCP-mEmerald construct. If active, the enhancer should drive the 245 
expression of the MS2-yellow reporter in the progeny. The transcribed MS2 loops would then recruit 246 
aTub>MCP-mEmerald fusion proteins at the transcription site of the reporter gene, enriching the 247 
mEmerald fluorescent signal against the weak mEmerald background. 248 

Via piggyBac transgenesis, we successfully generated a transgenic beetle line carrying the MCP-mEmerald 249 
construct, in which a ubiquitous mEmerald fluorescence is detected (Figure 3C). We then sought to test 250 
our enhancer>MS2-yellow reporter system, using a previously discovered Tribolium enhancer, hbA, that 251 
regulates the Tribolium gap gene hunchback (hb) (101). hb is expressed in multiple domains in the early 252 
Tribolium embryo: in the serosa, in an anterior domain, in a secondary posterior domain (shown in orange, 253 
blue, and purple, respectively in Figure 3D), and in the nervous system (not shown). Enhancer hbA drives 254 
the anterior expression of Tribolium  hb (101) (blue in Figure 3D). Via piggyBac transgenesis, we 255 
successfully generated a transgenic beetle line carrying the hbA>MS2-yellow construct. Examining yellow 256 
expression using in situ hybridization chain reaction (HCR) (103) in early hbA>MS2-yellow embryos using 257 
both exonic (Figure 3E,F) and intronic (Figure 3F) probes, we confirmed that the yellow expression in 258 
hbA>MS2-yellow line is similar to the mCherry expression in a previously tested hbA>mCherry line (101).  259 
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To test the live imaging capability of our MS2-MCP system, we crossed the hbA>MS2-yellow and the 260 
aTub>MCP-mEmerald lines. Imaging early embryos of the progeny (hbA>MS2-yellow ; aTub>MCP-261 
mEmerald) (Movie S1; Figure 3G), we observed weak and diffuse mEmerald signal within the nuclei, and 262 
bright puncta at a rate of at most one puncta per nucleus. The bright mEmerald puncta are distributed 263 
along the AP axis initially as a cap that eventually refines into a stripe (Supplementary Figure 9), 264 
resembling the yellow expression of the hbA enhancer reporter visualized using in situ HCR staining (Figure 265 
3E,F). We conclude, therefore, that such bright mEmerald puncta are mEmerald enrichments at 266 
transcribed MS2 loops, reflecting the de novo transcription driven by the hbA enhancer. Hence, both 267 
individual nuclei of the early Tribolium embryo and de novo transcription driven by the hbA enhancer can 268 
be visualized and detected in a single cross of hbA>MS2-yellow line and the MCP-mEmerald line, 269 
confirming our success in establishing an MS2-MCP enhancer reporter system that is capable of visualizing 270 
enhancer activity in live Tribolium embryos. 271 

 272 

Assessing the association between differential accessibility and enhancer activity 273 

We then sought to use our enhancer reporter system to test putative enhancers suggested by our ATAC-274 
seq analysis. In selecting a set of putative enhancers to test, we restricted our analysis to genomic regions 275 
around three genes, all involved in AP patterning in Tribolium: the gap genes hb (Figure 4A) and Kr 276 
(Supplementary Figure 7A) as well as the pair-rule gene runt (run) (Figure 4B). Candidate enhancer 277 
regions were chosen based on the presence of accessible sites in any region along the AP axis and/or time 278 
point (Materials and Methods), whether or not they were differentially accessible. 279 

Out of nine tested reporters, four successfully drove yellow expressions in the early Tribolium embryo 280 
(Figure 4C). While enhancer hbA drove an expression that overlaps with hb anterior expression, enhancer 281 
hbB drove an expression that overlaps with hb expression in the serosa (compare hbA and hbB activities 282 
in Figure 4C; see Figure 3D for the constituents of hb expression in Tribolium). Enhancer runA drove an 283 
expression that partially overlaps the endogenous run expression in the nervous system during the late 284 
germband stage (runA in Figure 4C). Enhancer runB drove a striped expression that overlaps endogenous 285 
run expression in the ectoderm, but neither the striped run expression in the mesoderm, nor the nervous 286 
system expression (runB in Figure 4C).  287 

We then determined whether there is any association between differential accessibility and enhancer 288 
activity using our tested enhancer constructs, augmented with previously published Tribolium enhancers 289 
that regulate the genes single-minded (sim) and short gastrulation (sog) (104) (Supplementary Figure 8). 290 
In total, eleven enhancer constructs were analyzed, where 54.5 % of constructs (six constructs) were 291 
active and 45.5 % of constructs were not active (five constructs). We found that five out of six active 292 
constructs overlapped differentially accessible sites, while one active construct overlapped a site that was 293 
not differentially accessible (Material and Methods). Two out of five non-active constructs overlapped 294 
sites that were not differentially accessible, while the remaining three overlapped sites that were 295 
differentially accessible (Figure 4D; see Supplementary Figure 7 for details). Therefore, about 60% of 296 
analyzed differentially accessible sites were associated with active enhancers whereas only 30% of 297 
analyzed constitutively accessible sites were associated with active enhancer regions (Figure 4E). These 298 
results support our hypothesis that differential accessibility is associated with enhancer activity. 299 

 300 

 301 
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Testing the plausibility of the Enhancer Switching model 302 

Next, we set out to test the plausibility of the Enhancer Switching model by examining the activity 303 
dynamics of some of the discovered enhancers. The model predicts that for a gene involved in generating 304 
gene expression waves, there exists two enhancers: (i) a ‘dynamic enhancer’ responsible for initiating the 305 
wave, and (ii) a ‘static enhancer’ responsible for arresting the wave into a stable gene expression 306 
domain(s) (Figure 1C,D).  307 

Among the discovered enhancers in Tribolium, two enhancers are potentially involved in generating gene 308 
expression waves: hbA and runB. The expressions driven by both enhancers overlap with the expression 309 
waves of their corresponding genes: enhancer runB with the periodic waves of the pair-rule gene run, and 310 
enhancer hbA with the non-periodic wave of the gap gene hb. To test if the spatiotemporal dynamics 311 
driven by these enhancers conform with some of the predictions of the Enhancer Switching model, we 312 
first ran simulations of the model and used them to carefully analyze model predictions. Then, we used 313 
our enhancer reporter system to track the enhancer activity dynamics of runB and hbA in space and time 314 
using in situ HCR staining in carefully staged fixed embryos as well as using our MS2-MCP system in live 315 
Tribolium embryos. Finally, we compared our model predictions with the observed enhancer activity 316 
dynamics. 317 

Careful examination of the predictions of the Enhancer Switching model 318 

To carefully analyze the predictions of the Enhancer Switching model in space and time, we ran a 319 
simulation (Movie S2) of a 3-genes realization of the periodic version of the model (Figure 1C, where an 320 
oscillator is used as a dynamic module). Carefully analyzing model outputs for total activity of constituent 321 
genes, static enhancer reporters, and dynamic enhancer reporters revealed two characteristics of the 322 
spatiotemporal dynamics of their activities (Figure 5A). First, endogenous genes and reporters of their 323 
dynamic and static enhancers are all expressed in waves that propagate from posterior to anterior (Figure 324 
5A). Second, expressions driven by dynamic enhancers progressively decrease in the posterior-to-anterior 325 
direction, matching the progressive decrease of the speed regulator concentration (Figure 5A). On the 326 
other hand, expressions driven by static enhancers progressively increase in the posterior-to-anterior 327 
direction, opposite to the direction of increase of the speed regulator concentration (Figure 5A). This is a 328 
natural consequence of the activating vs repressing effect of the speed regulator on dynamic vs static 329 
enhancers, respectively (Figure 1C).  330 

However, a minor complication arises when one considers a more realistic instantiation of the Enhancer 331 
Switching model. In our simulation of the model presented in Figure 5A (and in our simulations presented 332 
in previous publications (31,32,45)), we assumed that the stabilized gene expression domains at the 333 
anterior remain stable indefinitely (Figure 5A). However, we observe experimentally that such stable 334 
phase is transient, after which gene expression domains gradually fade (notice the progressive fading of 335 
the first run stripe after its stabilization at the anterior in Figure 6A,B). This effect can be implemented 336 
computationally by reducing the strength of the static enhancers (Figure 5B, Movie S3). In this case, the 337 
expression driven by a dynamic enhancer is very similar to the total expression of the gene expression 338 
wave: both arise maximally at the posterior and gradually fade as they propagate towards anterior (Figure 339 
5B). On the other hand, the expression wave driven by the static enhancer remains unique, as it, for the 340 
most part, increases in the direction of its propagation (until it eventually fades; Figure 5B). This means 341 
that while it is easy to identify a static enhancer from its enhancer reporter activity, it is not as simple to 342 
identify a dynamic enhancer. In particular, an enhancer that drives an expression that arises maximally at 343 
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the posterior and gradually fades as it propagates towards anterior might be either a dynamic enhancer 344 
or simply an enhancer that drives the entirety of the gene expression wave. 345 

Examining the activity dynamics of enhancer runB using in situ HCR staining 346 

To test the predictions of the Enhancer Switching model, we started by examining the spatiotemporal 347 
dynamics of one of the primary pair-rule genes, run, simultaneously with those of one of its enhancers 348 
that we discovered in this study, runB, using HCR in carefully staged embryos (Figure 6A). Endogenous run 349 
expression (green in Figure 6A) periodically arises from posterior and gradually propagates towards 350 
anterior, forming stable striped expression (that eventually fades). Concomitantly, runB>yellow is 351 
expressed as well in a periodic wave that propagates from posterior to anterior (red in Figure 6A). 352 
However, in contrast to endogenous run expression, the expression wave of runB>yellow appears weakly 353 
in the posterior and gradually strengthens as it propagates towards anterior. These observations are in 354 
line with the predicted enhancer dynamics of our model, in which runB acts as a static enhancer for run. 355 
First, runB drives gene expression waves that propagate from posterior to anterior. Second, runB activity 356 
progressively increases in the posterior-to-anterior direction, corresponding inversely with the 357 
progressive drop of concentration of the Caudal (Cad) gradient (Figure 6B), which has been suggested to 358 
act as a speed regulator for pair-rule and gap genes in Tribolium (30,31), and more generally, an 359 
evolutionary conserved posterior determinant in arthropods (along with Wnt) (64,105–108).  360 

We notice, however, that the wave dynamics of runB>yellow expression are less discernible in posterior 361 
germbands (see Figure 6A, 23-26 hours AEL). We wondered if this is due to long degradation delays of 362 
yellow mRNAs. In line with this possibility, we noticed that mature runB>yellow stripes at anterior 363 
germbands are more stable and long-lived than those of endogenous run (Supplementary Figure 10). To 364 
circumvent this, we examined runB->yellow expression using an intronic probe against yellow, and indeed 365 
found that the intronic expression of runB->yellow is both discernible in the posterior germband and in 366 
line with endogenous run expression anteriorly (Supplementary Figure 10). This shows that, indeed, 367 
degradation delays of the reporter gene yellow is larger than that of endogenous run, leading to averaging 368 
out of run expression wave dynamics, a problem that can be alleviated using intronic in situ staining.  369 

Examining the activity dynamics of enhancer runB using live imaging 370 

To verify that runB indeed drives expression waves that propagate from posterior to anterior, we 371 
performed a live imaging analysis of runB activity using our MS2-MCP system in Tribolium. Crossing runB 372 
enhancer reporter line (runB>MS2-yellow) with our aTub>MCP-mEmerlad line, and imaging early embryos 373 
of the progeny, we observed bright mEmerald puncta distributed along the AP axis as a stripe (Movie S4; 374 
Figure 6C), an expression that resembles that of yellow in the same reporter line visualized using in situ 375 
HCR staining (compare Figures 6A and 6C). To characterize the spatiotemporal activity of runB enhancer, 376 
circumventing the ambiguity introduced by nuclear flow, we developed a computational strategy to: (i) 377 
track the nuclei of the early live Tribolium embryo, (ii) detect MS2 puncta, and (iii) associate the detected 378 
MS2 puncta to corresponding nuclei (Materials and Methods). Furthermore, to smoothen out the highly 379 
stochastic expression of de novo transcription, we applied a moving average window to MS2 signal across 380 
time to estimate an accumulated activity of the runB enhancer (Movie S5; Materials and Methods). 381 
Tracking the accumulated activity in space, after discounting nuclear flow, revealed that runB indeed 382 
drives a wave of activity that progressively increase in strength as it propagates from posterior to anterior 383 
(Movie S6; Figure 6D), fitting the role of a ‘static enhancer’ within our Enhancer Switching model. 384 
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Examining the activity dynamics of enhancer hbA using live imaging 385 

Gap genes are expressed as well in waves in the Tribolium embryo, albeit in a non-periodic fashion. Gap 386 
gene waves are initialized by a pulse of hb expression that arises in the posterior of the blastoderm at 14 387 
hours AEL, that eventually propagates towards anterior, clears from posterior, forming a stripe of hb 388 
expression at the anterior part of the embryo (Figure 3D,E).  389 

Similar to our analysis of runB enhancer, we used our MS2-MCP system to estimate the accumulated 390 
mRNA signal driven by enhancer hbA, and tracked it in space and time in live Tribolium embryos (Movie 391 
S7, Movie S8). We found that enhancer hbA drives a wave of activity that propagates from posterior to 392 
anterior (Figure 6E). In contrast to enhancer runB, however, we found that enhancer hbA drives strong 393 
expression in the posterior that weakens as it propagates towards anterior (compare Figures 6D and 6E). 394 
As concluded by our simulations of the Enhancer Switching model (Figure 5B), this indicates that hbA 395 
either drives the entirety of hb expression, or acts as a dynamic enhancer within the Enhancer Switching 396 
model. 397 

 398 

Discussion 399 

In this paper, we established a framework for enhancer discovery in Tribolium using tissue- and time-400 
specific ATAC-seq (Figure 2). We showed that differential accessible sites analysis across space and time 401 
yields a sizeable increase in enhancer prediction accuracy (Figure 4). We also developed an enhancer 402 
reporter system in Tribolium able to visualize dynamic transcriptional activities in both fixed and live 403 
embryos (Figure 3). Both our enhancer discovery and activity visualization systems are efforts to establish 404 
the AP patterning in Tribolium as a model system for studying dynamic gene expressions, especially gene 405 
expression waves, a phenomenon commonly observed during embryonic development (9,10,109). 406 
Although our experimental framework is suitable for exploring how enhancers mediate dynamic gene 407 
expression in an unbiased fashion, we set in this work to test the plausibility of a specific model: the 408 
‘Enhancer Switching’ model (Figure 1), a scheme some of the authors have recently suggested (31,49) to 409 
elucidate how gene expression waves are generated at the molecular level. The model posits that each 410 
gene within a genetic clock or a genetic cascade is regulated by two enhancers: one ‘dynamic’ that induces 411 
rapid changes in gene activity, and another ‘static’ that stabilizes it. By modulating the balance between 412 
the potency of dynamic vs static enhancers, the tuning of the speed of gene regulation is achieved (Figure 413 
1C,D). We first characterized the model’s predictions for the spatiotemporal activities of enhancer 414 
reporters of dynamic and static enhancers (Figure 5). The model predicts that reporter constructs of 415 
dynamic enhancers would drive a gene expression wave that progressively decreases in intensity in the 416 
direction of its propagation, whereas reporter constructs of static enhancers would drive a wave whose 417 
intensity increases in the direction of its propagation (Figure 5A). We then used our enhancer discovery 418 
framework to discover a number of enhancers regulating embryonic patterning in the early Tribolium 419 
embryo (Figure 4). One of these enhancers, runB, drove an expression pattern consistent with a role as a 420 
static enhancer for the pair-rule gene run (Figure 6A-D). Another enhancer, hbA, drove an expression 421 
pattern consistent with a role as a dynamic enhancer for the gap gene hb (Figure 6E). However, the 422 
expression pattern driven by hbA could be also interpreted as driving the entirety of hb expression (Figure 423 
6E, Figure 5B). We present these findings as tentative support for the Enhancer Switching model, whereas 424 
a strong support requires: (1) finding enhancer pairs for several gap and pair-rule genes whose activity 425 
dynamics match those predicted for static and dynamic enhancers, and (2) verifying that the deletion of 426 
either dynamic or static enhancers result in phenotypes predicted by the model (Figure 7). Specifically, 427 
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deleting a static enhancer should reduce the gene expression wave into an (almost) homogenously 428 
oscillating (or sequentially activating) domain at the posterior, that fails to resolve into  gene expression 429 
bands anteriorly (Figure 7B), while deleting a dynamic enhancer should abolish the entire gene expression 430 
(Figure 7C). Future works should aim at testing these predictions, modifying the model, or finding 431 
alternative models.  432 

The long-term goal of establishing the experimental framework presented in this paper is to understand 433 
the regulation of dynamic gene expressions at the molecular level. The model system we adopted exhibits, 434 
however, very particular kind of dynamics: wave dynamics. This sounds like attempting to solve a fringe 435 
problem, since the most notable and well-known instance of this problem has been documented during 436 
vertebrate somitogenesis, in which case it is unclear if such wave dynamics are of any functional 437 
significance. Indeed, the predominant model of somitogenesis, namely the ‘Clock-and-Wavefront’, can do 438 
without such wave dynamics. Furthermore, gene expression waves observed during somitogenesis are 439 
periodic, making the problem even more of a fringe case, as there are far less cases of periodic gene 440 
expression patterns in development than non-periodic ones. However, upon reviewing experimental 441 
observations in other model systems, one finds strong indications that such wave dynamics, especially in 442 
their non-periodic version, are more prevalent than has previously thought, albeit described in varied 443 
terminologies. For example, Hox genes, which are expressed in a non-periodic pattern along the AP axis 444 
of vertebrates, have been described to ‘spread’ anteriorly upon their emergence from the posterior (18). 445 
Similarly, neural fate-specifying genes have been described to arise in a variable temporal order along the 446 
dorsoventral axis of the vertebrate neural tube, and so are effectively expressed as a non-periodic wave 447 
(22). Furthermore, the functional importance of such wave dynamics is manifest in embryonic tissues that 448 
undergo no or limited elongation during the patterning process, where a pure Clock-and-Wavefront 449 
model fails to explain the patterning process (9) (e.g. the vertebrate neural tube and limb bud, the 450 
vertebrate embryo at the early phase of somitogenesis (110), and the blastoderm of short-germ insects). 451 
Even for elongating tissues that can be patterned by a classical Clock-and-Wavefront mechanism, wave 452 
dynamics have been suggested to foster robustness for the patterning process (30,111,112).   453 

As we set our experimental framework as means to study gene expression waves in development, we 454 
should note that we have only discussed one type of waves, namely ‘kinematic waves’ (also called ‘phase 455 
waves’ or ‘pseudo-waves’) (10,113). A kinematic wave propagates without the need of ‘diffusion’ or cell-456 
to-cell communication, and gives the appearance of spreading across the tissue due to differences in gene 457 
expression timing between different cells. This type of wave can mediated by the Speed Regulation model 458 
discussed in this study (Figure 1A, and 1B). A wave, however, could be also a ‘trigger’ wave, which 459 
propagates with the help of cell-to-cell communication (10). One key experiment to differentiate between 460 
a trigger versus a kinematic wave is to insert a barrier along its path. The barrier should block a trigger 461 
wave, while a kinematic wave would appear to continue propagating across the barrier. A barrier 462 
experiment of that sort indicated that the periodic gene expression waves observed during somitogenesis 463 
are indeed of the kinematic type (11). Another key feature that differentiates a trigger from a kinematic 464 
wave is the spatial variability of the wave’s wavelength. Kinematic waves of the sort induced by the Speed 465 
Regulation model has a key signature: it emanates as wide bands, that progressively shrink in the direction 466 
of its propagation, and hence the wave’s wavelength is variable across space (Figure 1A,B). A trigger wave, 467 
on the other hand, is typically of a fixed wavelength. Most of the waves described during embryonic 468 
development (including gap and pair-rule waves in Tribolium) shrink in the direction of their propagation, 469 
and thus exhibit the appearance of kinematic waves (see for example Figure 6D,E). 470 

Once a gene expression wave is determined to be kinematic, mechanistically explaining how it is produced 471 
reduces to elucidating how the speed of gene regulation can be tuned by a morphogen gradient (according 472 
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to Speed Regulation model: Figure 1A,B). Whereas the phenomenon of gene expression waves is of 473 
significance within the domain of embryonic pattern formation, the problem of how to tune the speed of 474 
gene regulation has a wider applicability. For example, the temporal progression of different 475 
developmental stages is species-dependent and, hence, needs to be tunable by evolution (114), the timing 476 
of developmental progression in insects is controllable by the steroid hormone ecdysone (115), and the 477 
time needed for progenitor cells to differentiate needs to be tuned to control (relative) population/organ 478 
sizes, which furthermore needs to be adjustable by evolution (116–119). Thus, the model problem we are 479 
introducing in this paper has wide applicability within and beyond the domain of embryonic pattern 480 
formation. 481 

In this paper, we considered the Enhancer Switching model as a molecular realization for how to modulate 482 
the timing of gene regulation. The central idea behind the model is that tuning the timing of gene 483 
regulation is the result of setting the balance between two GRNs (Figure 1C): one GRN mediates rapid 484 
changes in gene regulation (termed ‘dynamic GRN’), and another stabilizes gene expressions (termed 485 
‘static GRN’). This scheme could be realized by just one enhancer per gene, if such an enhancer is able to 486 
switch its wiring depending on the concentration of a graded molecular factor (the speed regulator). The 487 
phenomenon of one enhancer exerting multiple functions has indeed been observed and termed 488 
‘enhancer pleiotropy’ (120–124). However, we suggested a molecular strategy that uses a separate 489 
enhancer for each wiring scheme (Figure 1D) (31). This strategy, we believe, is more molecularly feasible 490 
and ensures modularity and evolvability (31). Indeed, the complex regulation of many genes in 491 
development are usually undertaken by several enhancers, each encoding simple regulatory logic (125–492 
127).  493 

While the evidence for the Enhancer Switching model is still sketchy, parallels (or evolutionary vestiges) 494 
to it is evident in Drosophila. After an initialization phase, the striped expression of Drosophila pair-rule 495 
genes stabilizes and undergoes frequency doubling. The switching between the initialization to 496 
stabilization mode of pair-rule regulation is mediated by the switch of early to late acting enhancers.  497 
Interesting, this switch seems to be mediated by timing factors encoded by two pioneer factors: Zelda and 498 
Opa, where Zelda is responsible for activating the early network and Opa for the late network (128–130). 499 
Indeed, in opa mutants, the frequency doubling of pair-rule genes is lost in Drosophila (128). Interestingly, 500 
cad (potentially along with zelda), and opa were found to be activated sequentially in the Drosophila 501 
embryo (and Nasonia’s (131)), reflecting a similar sequential activation in space and time in the Tribolium 502 
embryo (47,132). This gives rise to a possible unified model for early-to-late enhancer switching in insects. 503 
In this model, early/posterior expression of AP patterning genes are mediated by early/dynamic 504 
enhancers, while late/anterior expressions are mediated by late/static enhancers. This transition is 505 
mediated ancestrally by Wnt/Cad gradient, possibly indirectly through Zelda and Opa, where Zelda is 506 
responsibly for activating early/posterior/dynamic enhancers, whereas Opa is responsible for activating 507 
late/anterior/static enhancers (9). Such late enhancers might, however, play a mere maintaining role as 508 
indeed commonly believed, while a static enhancer as suggested by the Enhancer Switching model has a 509 
key functional role in sculpting the waves. Such functional importance can only be elucidated using an 510 
enhancer deletion experiment (Figure 7). 511 

Mechanisms for tuning the speed of gene regulation other than the Enhancer Switching model, however, 512 
are also possible. For example, histone modifications have been shown to influence the timing of gene 513 
activation or repression (133). Although such a mechanism does not offer complete tunability of the speed 514 
of gene regulation (since histone modifications usually specifically influence either gene activation or 515 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 16, 2022. ; https://doi.org/10.1101/2022.09.09.507237doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.09.507237
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

13 
 

repression), it can explain certain phenomena; for example, controlling the timing of sequential activation 516 
(but not inactivation) of fate specifying genes (116,117,133). Modulating enhancer accessibility could be 517 
yet another mechanism for tuning the timing of gene regulation (115). However, such a scheme would 518 
require a yet unknown mechanism for stably maintaining gene expression while enhancer accessibility is 519 
reduced, without the help of a stabilizing enhancer (otherwise, it would be simply an instance of the 520 
Enhancer Switching model). Such possibilities could also be explored using our model system, if 521 
complemented with genomic assays for histone modifications. 522 

In yet another hypothesis for how to generate gene expression waves, the timescale of the genetic process 523 
(be it a genetic clock or a cascade) is tuned by modulating protein production time delay or the coupling 524 
strength between cells (134–140). However, in Tribolium, reactivating the gap gene hb all over the embryo 525 
resulted in two distinct responses (32): reactivation of the genetic gap cascade in the posterior (where the 526 
speed regulator Wnt/Cad has high concentration), whereas the expression of already formed gap gene 527 
domains at the anterior is erased. This indicates that the switch in behavior of gap gene regulation 528 
between the anterior vs posterior in the early Tribolium embryo is not due to a simple change either in 529 
protein and transcript degradation rates or cell-to-cell coupling strengths, but due to a difference in the 530 
genetic makeup between these two regions, giving more credit to our Enhancer Switching model. 531 

 532 

Data Availability 533 

ATAC-seq tracks were included in the iBeetleBase Genome Browser (https://ibeetle-base.uni-534 
goettingen.de/genomebrowser/) (141). 535 
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 541 

Materials and Methods 542 

Beetle Cultures 543 
Beetle cultures were reared on flour supplemented with 5 % dried yeast in a temperature- and humidity-544 
controlled room at 24 °C. To speed up development, beetles were reared at 32 °C. 545 

PiggyBac Enhancer Reporter Constructs 546 
A piggyBac plasmid with the 3 x P3-mCherry/mOrange marker construct and multiple cloning sites (77) 547 
was used to generate all enhancer constructs in this study. For enhancer constructs, putative enhancer 548 
regions, the Drosophila synthetic core promoter  (101,142), and the MS2-yellow reporter gene (97,99) 549 
were amplified by PCR, assembled through ligation, and inserted into the multiple cloning site of the 550 
piggyBac plasmid. Used primers are listed in Table S1. 551 
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Creation of the MCP-mEmerald construct 552 
An artificial sequence, consisting of (i) an AscI restriction enzyme site, (ii) the Tribolium castaneum 553 
Georgia2 (GA2) background strain-derived (143) tubulin alpha 1-like protein (aTub) promoter (144), (iii) a 554 
Tribolium castaneum codon-optimized open-reading frame consisting of (a) the SV40-derived nuclear 555 
localization signal (NLS) tag (145) coding sequence, (b) the human influenza hemagglutinin (HA) tag  (146) 556 
coding sequence and (c) the bacteriophage MS2 coat protein (MCP) (147) coding sequence, and (iv) a NotI 557 
restriction enzyme site, was de novo synthesized and inserted into the PacI/SacI restriction enzyme site 558 
pair of pMK-T (Thermo Fisher Scientific) by the manufacturer. The resulting vector was termed 559 
pGS[aTub’NLS-HA-MCP]. The sequence was excised with AscI/NotI and inserted into the backbone of the 560 
accordingly digested pACOS{#P’#O(LA)-mEmerald} vector (77). The resulting vector was termed 561 
pAGOC{aTub’NLS-HA-MCP-mEmerald}, contained (i) an expression cassette for mEmerald-labeled (148) 562 
and NLS/HA-tagged MCP, (ii) the piggyBac 3’ and 5’ inverted terminal repeats (149), as well as (iii) 563 
mOrange-based (150) and mCherry-based (151) eye-specific (152) transformation markers, and was co-564 
injected with the standard piggyBac helper plasmid (153) into Tribolium castaneum embryos following 565 
standard protocols (154,155) to achieve germline transformation.  566 

Tribolium Transgenesis 567 
PiggyBac constructs were transformed into vermilionwhite (156) with mCherry/mOrange as visible makers. 568 
Germline transformation was carried out using the piggyBac transposon system (153,157). 569 

Egg Collections for Developmental Time Windows 570 
Developmental time windows of three hours were generated by incubating three hours egg collections at 571 
24 °C for the desired length of time. Beetles were reared in flour supplemented with 5% dried yeast. 572 

In Situ Hybridization and Imaging of Fixed Embryos 573 
In situ hybridization was performed using the third generation in situ hybridization chain reaction (HCR) 574 
method (103). All probe sets and hairpins were ordered at Molecular Instruments. Lot numbers of probe 575 
sets are as follows: PRA978 (run mRNA), PRA979 (hb mRNA), PRC655 (yellow mRNA), and PRE723 (yellow 576 
intron). Images were taken with a Leica SP5 II confocal. A magnification of 20x or 63x was used at a 577 
resolution of 2,048 x 1,024. Images were processed and enhanced for brightness and contrast using Fiji 578 
(158). 579 

Live Imaging  580 
aTub>MCP-mEmerlad females were crossed with hbA>MS2-yellow or runB>MS2-yellow males. Three 581 
hours egg collections were generated and incubated for eleven (crossing with hbA) or fourteen hours 582 
(crossing with runB) at 24 °C. Embryos were dechorionated by immersion in 1 % bleach for 30 s twice. 583 
Embryos were mounted using the hanging drop method and covered with halocarbon oil 700 (Sigma). 584 
Time-lapse movies were taken by capturing 41 planes every 3 min over ~ 6 h at 21 °C with a Leica SP5 II 585 
confocal. A magnification of 63X was used at a resolution of 1,024 x 900. To produce unprocessed live 586 
imaging movies (Movies S1 and S4), a maximum Z-projection is applied to the image sequence in Fiji. 587 

Computational Processing and Analysis of Live Imaging Movies 588 
To characterize the transcription dynamics driven by enhancer MS2 enhancer reporters in live embryos, 589 
circumventing the ambiguity introduced by nuclear flow, we developed a computational strategy to: (1) 590 
segment nuclei, (2) detect MS2 spots and estimate their intensity, (3) associate MS2 spots to nuclei and 591 
track nuclei over time, and estimate mRNA intensity. 592 
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(1) Segmenting nuclei 593 
In Fiji, stacks were first maximum intensity projected. Contrast was enhanced using the CLAHE plugin with 594 
a block size of 128. Nuclei were then detected as local maxima, disregarding maxima with an intensity 595 
below half the image maximum intensity. Detected maxima were used as seed points for the watershed 596 
algorithm to retrieve nuclei outlines.  597 

(2) MS2 spot detection 598 
In Fiji, MS2 spots were detected as local 3D maxima after applying a 3D Difference-of-Gaussians filter. Its 599 
parameters, the standard deviations of the Gaussians, tolerance (the minimum intensity difference 600 
between neighbor spots, analogous to the ImageJ 'Find Maxima' implementation) and a lower threshold 601 
(to disregard spots with low intensity) were set empirically. 602 

(3) Tracking nuclei and MS2 spots over time and mRNA estimation 603 
We used strategies similar to those described in (41) using Matlab. 604 

ATAC-seq Library Preparation 605 
Embryos of the nGFP line (29) were collected in flour supplemented with 5% dried yeast for 3h and 606 
incubated for desired time length at 24 °C. Embryos were dechorionated by immersion in 1 % bleach for 607 
30 s twice. Selected embryos were dissected into three parts (anterior, middle, and posterior). For each 608 
biological replicate, three of the same embryo parts were pooled, and three replicates were prepared for 609 
each sample condition. Library preparation was performed as previously described (159,160). 610 
Tagmentation was performed for 8 min. ATAC-seq libraries were sequenced on an Illumina NovaSeq 6000 611 
at the Novogene Cambridge Genomic Sequencing Centre. 2x150 bp paired-end Illumina reads were 612 
obtained for all sequenced ATAC-seq libraries. 613 

 ATAC-seq Data Pre-processing 614 
Sequencing reads were trimmed with cutadapt (161) with parameters “-u 15 -U 15 -q 30 -m 35 --max-n 0 615 
-e 0.10 -a CTGTCTCTTATA -A CTGTCTCTTATA” to remove adapter sequences and mapped to the Tribolium 616 
castaneum reference genome (Tcas5.2, GCA_000002335.3) with BWA-MEM (version 0.7.12-r1039 (162). 617 
Next, read duplicates were marked with Picard MarkDuplicates (version 2.15.0, Picard Toolkit. 2019. 618 
Broad Institute, GitHub Repository. https://broadinstitute.github.io/picard/; Broad Institute.). Low quality 619 
and duplicated reads were filtered using samtools view (version 1.10, (163)) with parameters "-F 1804 -f 620 
2 -q 30". To flag regions that appear to be artifacts, we generated a blacklist using a strategy similar to the 621 
one developed by the ENCODE Project (164). Specifically, the genome was first divided into non-622 
overlapping 50bp bins. Next, the BAM files containing the filtered mapped reads were converted into 623 
BigWig files using BAMscale (version 1.0, (165)) with parameters "scale --operation unscaled --binsize 20 624 
--frag". Using the resulting BigWig files, the mean signal for each bin was computed across all sequencing 625 
libraries. Finally, bins with a mean signal equal to or greater than 100 were flagged as artifacts and 626 
included in a "blacklist". The threshold was determined by visual inspection of the distribution of the mean 627 
signals. Reads mapping to genomic regions in the blacklist were filtered out using samtools view (version 628 
1.7, (163)) with parameters "-L" and "-U". 629 

Peaks were called on individual replicates using macs3 (v3.0.0a7, https://github.com/taoliu/MACS; (166)) 630 
callpeak with parameters “-g 152413475 -q 0.01 -f BAMPE”. The sets of peaks called in each sample were 631 
then compared to each other and merged if they overlapped by at least 1 bp. Only merged peaks 632 
supported by peaks called in at least two different samples and on scaffolds assigned to linkage groups 633 
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were considered for subsequent analyses. These peaks are further referred to as the set of “all” 634 
(consensus) chromatin accessible sites. 635 

Chromatin accessible sites were annotated with HOMER (version 4.11.1, (167)) using the 636 
annotatePeaks.pl function. 637 
 638 

Genomic tracks 639 
Normalized ATAC-seq coverage tracks were generated with BAMscale (version 1.0, (165)) using 640 
parameters "scale --frag --binsize 20 --smoothen 2". The tracks of different biological replicates of the 641 
same sample were then merged with the UCSC tools bigWigMerge and bedGraphToBigWig 642 
(http://hgdownload.cse.ucsc.edu/admin/exe/linux.x86_64/), and visualized with pyGenomeTracks 643 
(version 3.7, (168,169)). 644 

Differential Accessibility Analysis 645 
Differential accessibility analysis of the sites between different regions of the germband and/or time 646 
points was performed using the edgeR (version 3.36.0, (170)) and DESeq2 (version 1.34.0, (171)) methods 647 
within the DiffBind (version 3.4.11, (172), 648 
http://bioconductor.org/packages/release/bioc/vignettes/DiffBind/inst/doc/DiffBind.pdf). Peaks with a 649 
false discovery rate (FDR) less than or equal to 0.05 for edgeR and/or DESeq were considered significant. 650 
Read counts for each peak were quantified with the dba.count() function, with parameters 651 
"score=DBA_SCORE_TMM_MINUS_FULL, fragmentSize=171, bRemoveDuplicates=TRUE". Briefly, this 652 
normalizes the read counts using Trimmed Mean of M-values (TMM, (173)) scaled by the full library size. 653 
We further refer to these values as “accessibility scores”. Sites that had a mean accessibility score larger 654 
than the median and a standard deviation larger than the 3rd quartile were defined as the “most variable 655 
accessible sites”. 656 

Clustering 657 
The z-score normalized accessibility scores of the differentially accessible sites were clustered using k-658 
means (with k=6) as implemented in the kmeans() R function. The function was executed with default 659 
parameters except for “nstart=1000”, which initializes the algorithm with 1000 different sets of random 660 
centers and settles for those giving the best fit. 661 

Complete linkage on the pairwise Pearson correlation distances (1-Pearson correlation coefficient) was 662 
performed with the hclust() R function to hierarchically cluster the differentially accessible sites based on 663 
their average accessibility scores across the replicates of each sample group. The pheatmap (version 664 
1.0.12, Raivo Kolde (2019). pheatmap: Pretty Heatmaps. R package version 665 
1.0.12. https://CRAN.R-project.org/package=pheatmap) R package was used for visualization using row-666 
scaling. 667 

Functional analysis 668 
Functional enrichment analysis was carried out with the PANTHER API. Specifically, the “statistical 669 
enrichment test” tool was used with the “GO Biological Process complete” Tribolium castaneum database. 670 
Overrepresented GO terms/pathways were determined using default parameters (Fisher’s exact test, 671 
False Discovery Rate (FDR) < 0.05). All the positive overrepresented GO biological process (BP) terms were 672 
considered. The API was last accessed on August, 2022. 673 
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Motif analysis 674 
Motif enrichment analysis was carried out using XSTREME with default parameters except for “--streme-675 
totallength 4000000 --meme-searchsize 100000 --ctrim 500 --streme-nmotifs 5” (version 5.4.0, (174)). 676 
Motifs discovered de novo were compared to the motifs in the insects JASPAR 2022 CORE non-redundant 677 
database (175) to identify putative transcriptional regulators. Sequences in which soft-masked 678 
nucleotides comprised 95% or more were not considered for the analysis. 679 

Overlap between Differentially Accessible Sites and Constructs 680 
A construct was considered to be overlapping with a site if at least 90% of the site overlapped with the 681 
construct. 682 

Computational Modeling 683 
For the Enhancer Switching Models, we used computational algorithms described in (31,32,49), using 684 
the Matlab programs provided in these publications with minor modifications. 685 

  686 

Figure legends 687 

Figure 1. The Enhancer Switching Model as a molecular realization of the Speed Regulation Model. (A) 688 
The Speed Regulation Model for periodic patterning. Left: Cells can oscillate between two states mediated 689 
by a molecular clock: high (shown in dark blue), and low (shown in light blue). The concentration of the 690 
speed regulator (shown in gray) modulates the speed of the molecular clock (i.e. its frequency). Right: A 691 
gradient of the speed regulator across a tissue (represented by a row of cells) induces a periodic wave 692 
that propagates from the high to the low end of the gradient. (B) The Speed Regulation Model for non-693 
periodic patterning. Same as for the periodic case (A), except the molecular clock is replaced with a genetic 694 
cascade that mediates the sequential activation of cellular states (represented by different colors). (C) The 695 
Enhancer Switching Model, a molecular realization of the Speed Regulation model, is composed of two  696 
GRNs: one dynamic and one static. The dynamic GRN can be either a clock (to mediate periodic patterning) 697 
or a genetic cascade (to mediate non-periodic patterning). The static GRN is a multi-stable gene circuit 698 
that mediates the stabilization of gene expression patterns. The speed regulator activates the dynamic 699 
GRN but represses the static GRN, and so a gradient of the speed regulator (shown in gray) mediates a 700 
gradual switch from the dynamic to the static GRN along the gradient. Shown example realizations of 701 
dynamic and static GRNs, where the dynamic GRN represents either a molecular clock or a genetic 702 
cascade, depending on the absence or presence of the repressive interaction shown in yellow, 703 
respectively. (D) Separate dynamic and static enhancers encode the wiring of each gene (shown here only 704 
for the red gene) within the dynamic and static GRNs, respectively. 705 

 706 

Figure 2. Chromatin accessibility dynamics during AP patterning of the early Tribolium embryo. (A)  707 
Embryos 23-26 h AEL (IT23) or 26-29 h AEL (IT26) were dissected and cut into anterior (a), middle (m), and 708 
posterior (p) part. Left: nGFP embryo in the eggshell. Right: dissected and cut nGFP embryo. (B) Principal 709 
component analysis (PCA) on the accessibility scores of the most highly accessible and variable sites in the 710 
dataset. PCA was performed using the PCA() function in the "FactoMineR" R package with default 711 
parameters. Only the first two principal components (PC) of the data are represented. The first PC explains 712 
45.3% of the variance in the data, the second PC, 18.0%. (C, D) Boxplots showing the scores of PC1 and 713 
PC2 by space (C) and time (D). The thick line indicates the median (2nd quartile), while the box represents 714 
interquartile range (IQR, 1st to 3rd quartiles). Outliers are shown as dots. (E) Genomic annotation of 715 
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different classes of chromatin accessible sites: all (consensus) sites, constitutive sites (i.e., consensus sites 716 
that are not differentially accessible), all differentially accessible sites, and most specifically accessible 717 
sites (i.e., sites differentially accessible in four or more comparisons). (F) K-means clustering of 718 
accessibility scores for differentially accessible sites. Accessibility scores have been z-score scaled for each 719 
site. 720 

 721 

Figure 3. An MS2-MCP enhancer reporter system to visualize enhancer activity in fixed and live 722 
Tribolium embryos tested using the Tribolium hb enhancer hbA. (A) Our enhancer reporter construct: 723 
An enhancer of interest is placed upstream of a DSCP, followed by 24 tandem repeats of MS2 stem loops, 724 
the gene yellow, then an SV40 poly(A) tail. (B) The aTub>MCP-mEmerald construct: ubiquitous alpha-725 
tubulin promoter was placed upstream of an NLS and an MCP-mEmerald fusion, followed by an SV40 726 
poly(A) tail. (C) Overview image of an aTub>MCP-mEmerald embryo at the germband stage. (D) A 727 
schematic showing hb expression in Tribolium. In the early blastoderm, hb is expressed in the serosa 728 
(orange) and as a cap in the posterior half of the embryo (blue) (T1) that eventually resolves into an 729 
expression band in the anterior (blue in T2 and T3). Later during the germband stage (T4), the anterior 730 
expression (blue) fades and a new hb expression arises in the posterior (purple). (E) Spatiotemporal 731 
dynamics of endogenous hb (green) and reporter gene yellow (red) expressions in hbA->yellow Tribolium 732 
embryos. Left panel: Time-staged embryos from 14 to 26 h AEL at 24 °C, in which mRNA transcripts (hb: 733 
green, yellow: red) were visualized using in situ HCR staining. Nuclear staining (Hoechst) is in gray. Right 734 
panel: Fluorescence signal along the dorsal-ventral axis was summed up to generate intensity distribution 735 
plots along the AP axis. (F) Detection of de novo transcription via in situ HCR staining of intronic yellow. 736 
Nuclear staining (Hoechst): blue; exonic yellow (yellow mRNA): red; intronic yellow: purple. Embryo 737 
outline shown in dashed line. (G) Live imaging snapshot of a hbA>MS2-yellow ; aTub>MCP-mEmerlad 738 
Tribolium embryo. Diffuse mEmerald signal is observed in nuclei (outlined in white dashed line). mEmerald 739 
fluorescence is enriched at transcription sites (bright puncta: MS2-MCP signal). In all embryos shown: 740 
posterior to the right. 741 

 742 

Figure 4. Correlation of enhancer activity with differential accessibility. (A, B) The ATAC profiles (two 743 
time points (IT23, IT26) with three embryo regions (a, m, p) per time point) for hb (A) and run (B). Tested 744 
enhancer regions at these loci are shown as boxes underneath the ATAC profiles. Differential accessible 745 
sites match well with active enhancer regions (purple boxes; red box: not active enhancer construct). 746 
ATAC tracks were created with pyGenomeTracks. (C) Enhancer reporter constructs for active enhancer 747 
regions shown in (A) and (B), in which mRNA transcripts were visualized using in situ HCR staining 748 
(endogenous gene expression: green, reporter gene expression: red, merge: yellow). Nuclear staining 749 
(Hoechst) is in gray. hbA drives reporter gene expression in a stripe (embryo in germband stage shown). 750 
hbB drives reporter gene expression in the serosa (embryo in blastoderm stage shown). runA drives 751 
reporter gene expression in a subset of the endogenous run CNS expression (embryo in late germband 752 
stage shown). runB drives reporter gene expression in stripes outside of the most posterior part of the 753 
embryo (embryo in germband stage shown). Posterior to the right. (D) The correlation between 754 
differential accessibility and construct activity was determined. Eleven enhancer constructs were 755 
analyzed: 54.5 % of constructs (six constructs) were active and 45.5 % of constructs were not active (five 756 
constructs). Five out of six active constructs are associated with sites that are differentially accessible, 757 
while one active construct overlaps with a site that is not differentially accessible. Two out of five not 758 
active constructs match sites that are not differentially accessible, while the remaining three not active 759 
constructs are associated with sites that are differentially accessible (see Supplementary Figure 7 for 760 
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details). (E) Enhancer prediction efficiency of our enhancer prediction method based on differential peak 761 
analysis. Same enhancer constructs were analyzed as in (D). About 60 % of analyzed differential peaks 762 
were associated with active enhancer construct regions whereas in about 40 % of analyzed cases 763 
differential peaks could be found at not active enhancer construct regions. In contrast, about 70 % of 764 
analyzed non-differential peaks were associated with not active enhancer construct regions. About 30 % 765 
of analyzed non-differential peaks are associated with active enhancer construct regions. 766 

 767 

Figure 5. Simulation of the Enhancer Switching model with different static enhancer strengths. Shown 768 
simulation outputs of the Enhancer Switching model for a reporter gene driven by dynamic (yellow) or 769 
static (black) enhancers, as well as an endogenous gene driven by both dynamic and static enhancer 770 
(green). Two versions of the model were simulated and contrasted: with strong (A) vs weak (B) static 771 
enhancer activity. (A) Model simulation with strong static enhancer activity. Each wave of the endogenous 772 
gene expression follows first the dynamics of the dynamic enhancer and switches along space (in the 773 
tapering direction of the speed regulator, shown in gray) and time to the dynamics of the static enhancer 774 
to form a stable expression domain. (B) Model simulation with a weaker static enhancer: dynamic 775 
enhancer activity resembles endogenous gene expression pattern. Left panels: spatial plots across time. 776 
Right panels: Kymographs.  777 

 778 

Figure 6. Analysis of enhancer activity dynamics using the MS2-MCP live imaging system. (A) Shown are 779 
spatiotemporal dynamics of endogenous run (green) and the reporter gene yellow (red) expression in 780 
runB->yellow embryos. Left panel: Time-staged embryos from 14 to 26 h AEL at 24 °C, in which mRNA 781 
transcripts (run: green, yellow: red) were visualized using in situ HCR staining. Nuclear staining (Hoechst) 782 
is in gray. Right panel: Intensity distribution plots along the AP axis. Both run and runB->yellow are 783 
expressed in waves that propagate from posterior to anterior. runB->yellow expression wave, however, 784 
starts weak posteriorly and progressively increases in strength as it propagates towards anterior, until it 785 
eventually overlaps with the stabilized run stripes anteriorly. (B) Left panel: in situ HCR staining for 786 
endogenous run (green) and reporter gene yellow expression (red) combined with antibody staining for 787 
Cad proteins (purple) in a runB->yellow blastoderm embryo (upper row) and a runB->yellow germband 788 
embryos (lower row). Nuclear staining (Hoechst) is in gray. Right panel: Intensity distribution plots along 789 
the AP axis for yellow expression in a whole Tribolium blastoderm (upper panel), and within the region 790 
indicated in dashed yellow in a Tribolium germband. Cad forms a posterior-to-anterior gradient in both 791 
balstoderm and germband embryos. runB activity increases progressively as Cad concentration drops 792 
towards anterior. (C) Live imaging snapshot of a runB>MS2-yellow ; aTub>MCP-mEmerlad Tribolium 793 
embryo. Diffuse mEmerald signal is observed in nuclei. mEmerald fluorescence is enriched at transcription 794 
sites (bright puncta: MS2-MCP signal). Left panel: original snap shot; Middle: nuclei that exhibit MS2-MCP 795 
signal are outlined in white circles; Right: A close up to nuclei with MS2-MCP signal. (D, E) Tracking 796 
estimated mRNA activity driven by runB (D) and hbA (E). Left panels (in both (D) and (E)): Snapshots across 797 
time from live embryo movies in which nuclei (shown in gray) are tracked and MS2 signals are averaged 798 
over time (using a moving average filter with a length of 10 movie frames) to estimate mRNA activity 799 
(shown in red). Middle panel: Intensity distribution plots along space for representative images in left 800 
panel. Right panel: A kymograph showing estimated mRNA activities of enhancer reporters across space 801 
and time. In all embryos shown: posterior to the right. 802 

 803 
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Figure 7. Simulation of the Enhancer Switching Model with deleted enhancers. Shown simulation 804 
outputs of the Enhancer Switching model under three experimental conditions: (A) an intact locus, (B) a 805 
locus in which the static enhancer is deleted, and (C) a locus in which the dynamic enhancer is deleted.  806 

 807 

Movie S1. MS2 live imaging of hbA enhancer reporter. Live imaging of a “hbA>MS2-yellow ; aTub>MCP-808 
mEmerlad” Tribolium embryo during the blastoderm stage. NLS signal within the aTub>MCP-mEmerald 809 
construct mediates a weak and diffuse mEmerald signal within nuclei. Upon transcription, MS2 loops 810 
within the hbA>MS2-yellow construct recruit MCP-mEmerald fusion proteins at transcription sites, 811 
resulting in mEmerald bright puncta. Here bright mEmerald puncta are observed throughout the posterior 812 
end of the blastoderm, reflecting transcriptional activity of enhancer hbA in the early Tribolium embryo. 813 
Posterior to the right. 814 

 815 

Movie S2. Simulation of the Enhancer Switching Model with strong static enhancer activity. Shown are 816 
outputs of a computer simulation of the Enhancer Switching model with strong static enhancer activity. 817 
Activity dynamics of reporter genes driven by the dynamic and static enhancers are shown in yellow and 818 
black, respectively. Activity dynamics of endogenous gene expression driven by both the dynamic and 819 
static enhancers are shown in green. Speed regulator gradient is shown in grey. 820 

 821 

Movie S3. Simulation of the Enhancer Switching Model with weak static enhancer activity. Shown are 822 
outputs of a computer simulation of the Enhancer Switching model with wea static enhancer activity. 823 
Activity dynamics of reporter genes driven by the dynamic and static enhancers are shown in yellow and 824 
black, respectively. Activity dynamics of endogenous gene expression driven by both the dynamic and 825 
static enhancers are shown in green. Speed regulator gradient is shown in grey. 826 

 827 

Movie S4. MS2 live imaging of runB enhancer reporter. Live imaging of a “runB>MS2-yellow ; aTub>MCP-828 
mEmerlad” Tribolium embryo during the blastoderm stage. NLS signal within the aTub>MCP-mEmerald 829 
construct mediates a weak and diffuse mEmerald signal within nuclei. Upon transcription, MS2 loops 830 
within the runB>MS2-yellow construct recruit MCP-mEmerald fusion proteins at transcription sites, 831 
resulting in mEmerald bright puncta. Here bright mEmerald puncta are observed initially to be distributed 832 
as a posterior cap that eventually propagates towards anterior to form a stable band. Posterior to the 833 
right. 834 

 835 

Movie S5. Estimated mRNA transcription driven by enhancer runB in the early Tribolium embryo. Shown 836 
is a live imaging movie of a “runB>MS2-yellow ; aTub>MCP-mEmerlad” embryo (same as in Movie S4) 837 
computationally processed to show an estimation of accumulated mRNA abundance driven by enhancer 838 
runB (red) as well as MS2-mEmerald signal (reflecting de novo transcription; green). Posterior to the right. 839 

 840 

Movie S6. Plots of estimated mRNA transcription dynamics driven by enhancer runB across space and 841 
time. Shown is a dorsoventral projection of a tracked spatiotemporal activity of enhancer runB (same 842 
embryo as in Movies S4,S5). Horizontal axis: AP axis; posterior to the right. 843 
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 844 

Movie S7. Estimated mRNA transcription driven by enhancer hbA in the early Tribolium embryo. Shown 845 
is a live imaging movie of a “hbA>MS2-yellow ; aTub>MCP-mEmerlad” embryo (same as in Movie S1) 846 
computationally processed to show an estimation of accumulated mRNA abundance driven by enhancer 847 
hbA (red) as well as MS2-mEmerald signal (reflecting de novo transcription; green). Posterior to the right. 848 

 849 

Movie S8. Plots of estimated mRNA transcription dynamics driven by enhancer hbA across space and 850 
time. Shown is a dorsoventral projection of a tracked spatiotemporal activity of enhancer hbA (same 851 
embryo as in Movies S1,S7). Horizontal axis: AP axis; posterior to the right. 852 

 853 

Supplementary Figure 1. Correlation between ATAC-seq sequencing libraries. Mapped sequencing reads 854 
of each biological replicate were used to calculate correlation between pairs of replicates. The values 855 
represent the Pearson correlation coefficients between pairs of sequencing libraries. 856 

 857 

Supplementary Figure 2. Upset plot comparing the number of sites identified in samples corresponding 858 
to IT23 and IT26 as well as along the AP axis. (A) Plot corresponding to IT23 and IT26. (B) Plot 859 
corresponding to samples along the AP axis (a, m, and p). The number of sites in each of the sets 860 
considered is represented by the width of the bars in the bar chart at the bottom left. Each bar in the bar 861 
chart at the top represents the number of sites in an intersection. The intersection is indicated by filled 862 
circles below each bar. Note that the intersection sets are disjoint. 863 

 864 

Supplementary Figure 3. Annotation of consensus sites. A total of 12069 consensus sites were analyzed. 865 
Consensus sites overlap with promoter-TSS (22.3 %), TSS (8.5 %), exons (23.5 %), introns (30.2 %), and 866 
intergenic regions (15.5 %), respectively. TSS: Transcription Start Site. 867 

 868 

Supplementary Figure 4. Analysis of differentially accessible sites. (A) The accessibility of sites was 869 
compared between three different parts of the germband (anterior, middle, and posterior) at two time 870 
points (IT23 and IT26). All possible 15 comparisons were considered. A total of 3106 sites were differential 871 
accessible. (B) For the same part of the embryo, 132 sites were differentially accessible between two time 872 
points. (C) A total of 2109 sites were differentially accessible between two different parts of the germband 873 
at a given time point.  874 

 875 

Supplementary Figure 5. Motif Analysis. Enrichment of TF motifs in accessible sites depending on their 876 
accessibility (y-axis, see Figure 1D for details). The size of the dots represent the fraction of sequences 877 
with one or more motif occurrences. The TFs (if known) are indicated on the x-axis. 878 

 879 

Supplementary Figure 6. Functional enrichment analysis of the clusters of differentially accessible sites. 880 
Clustering of all differentially accessible sites across the AP axis and time points. All clusters are associated 881 
with “developmental process” and “anatomical structure development”, while clusters 1 and 3 are 882 
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specifically related to “pattern specification process” and “regionalization” and cluster 3 is specifically 883 
associated with “anterior/posterior pattern specification”.  884 

 885 

Supplementary Figure 7. Genomic tracks of analyzed enhancer reporter constructs. Genomic tracks of 886 
analyzed enhancer reporter constructs. ATAC profiles (two time points (IT23, IT26) with three embryo 887 
regions (a, m, p) per time point) are shown for (A) Kruppel (Kr), (B) short gastrulation (sog), and (C) single-888 
minded (sim). Analyzed enhancer regions at these loci are shown as purple (active enhancer region) or 889 
red (not active enhancer region) boxes underneath the ATAC profiles. KrA enh - KrD enh were tested in 890 
Tribolium in this work. Other enhancer regions were evaluated in a cross-species context in Drosophila 891 
(104). Differential accessible sites match well with active enhancer region of sim (C). No differential 892 
accessible site overlap with the previously described active enhancer region of sog (B). Not active KrB enh 893 
region is not overlapping with differential accessible sites, while overlaps are observed between 894 
differential accessible sites and not active KrA enh, KrC enh, and KrD enh regions (A). ATAC tracks were 895 
created with pyGenomeTracks. 896 

  897 

Supplementary Figure 8. Simulations with different static enhancer strength. Computational simulation 898 
of reporter gene expression driven by dynamic (yellow) or static enhancer (black), respectively as well as 899 
endogenous gene expression (green) driven by both, dynamic and static enhancer. Analyzed was the 900 
spatiotemporal pattern of gene expression. (A) No static enhancer: dynamic enhancer strength d=3, static 901 
enhancer strength c=0 (same as in Figure 7B, deleted static enhancer). Each wave of the endogenous gene 902 
expression follows the dynamics of the dynamic enhancer. Due to the lack of static enhancer activity, 903 
endogenous gene expression waves fail to stabilize as stable expression domains. (B) Very weak static 904 
enhancer:  d=3, c=0.5. Each wave of the endogenous gene expression follows the dynamics of the dynamic 905 
enhancer. Due to very weaker static enhancer activity, dynamic enhancer activity resembles whole gene 906 
expression pattern (compare to Figure 5B). Endogenous gene expression waves are impaired in forming 907 
stable expression domains. (C) Weak static enhancer: d=3; c=1. Dynamics of the endogenous gene 908 
expression are mainly governed by dynamic enhancer activity. Weak static enhancer activity stabilizes 909 
endogenous gene expression waves as stable expression domains. (D) Intermediate strong static 910 
enhancer: d=3, c=1.5. Each wave of the endogenous gene expression follows first the dynamics of the 911 
dynamic enhancer and switches along space to the dynamics of the intermediate strong static enhancer 912 
to form a stable expression domain. Left panel: Intensity plots. The speed regulator is shown in grey. Right 913 
panel: Kymographs. 914 

 915 

Supplementary Figure 9. Analysis of hbA enhancer activity on a fixed embryo. Images of a fixed 916 
hbA>MS2-yellow ; aTub>MCP-mEmerlad Tribolium embryo in the germband stage (upper image: 917 
overview; lower image: close-up view of the indicated region in the overview image). The bright mEmerald 918 
puncta (MS2-MCP signal at active transcription sites) refine into a stripe resembling the yellow expression 919 
of the hbA enhancer reporter visualized using in situ HCR staining (compare to Figure 3E). 920 
 921 
 922 
Supplementary Figure 10. Visualizing runB>yellow expression waves in the germband using exonic vs 923 
intronic probes. runB expression waves resemble more those of endogeneous run (shown in green) when 924 
visualized using intronic (shown in pruple) in situ probe than exonic (shown in red) probes . 925 
 926 
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 930 

Supplementary Table 1: List of used primers. frw: forward, rev: reverse. 931 

Description Sequence (5` - 3`) 
pBPGUw promoter frw + BsaI 

into NotI 
AAATTTGGTCTCCGGCCGCGATCGAGCGCAGCGGTATAAAA 

pBPGUw promoter rev + BsaI 
into BamHI 

AAATTTGGTCTCGGATCCGTTTGGTATGCGTCTTGTGATTCAAAG 

pBPGUw promoter-24xMS2-y 
frw + HindIII 

AAATTTAAGCTTGATCGAGCGCAGCGGTATAAAA 

pBPGUw promoter-24xMS2-y rev 
+ STOP + SbfI 

AAATTTCCTGCAGGTTAACCCACAGAATTTGTAGAGACACTAATACTG 

DSCP frw + HindIII AAATTTAAGCTTGATAAACGGCCGGCAGCGGTATAAAAGGG 
DSCP rev + BsaI into BamHI AAATTTGGTCTCGGATCCGGGCTGCAGATTGTTTAGCTTGTTCAGC 

hbA frw + BsaI into XmaI AAATTTGGTCTCCCCGGGCACCCTATTTACGCAACGGCTATTTTC 
hbA rev + BsaI into HindIII AAATTTGGTCTCAAGCTTTGGTGGAGATGTTATGGTATGGTCG 

hbB frw + XmaI AAATTTCCCGGGCACCCATTGTGACAGCTCGG 
hbB rev + HindIII AAATTTAAGCTTTTCTCTGAGGCATAATCCCACTAATTACC 
runA frw + XmaI AAATTTCCCGGGGGGTAGTTGTCGGTTAGATGCAATATTGTG 

runA rev + HindIII AAATTTAAGCTTCGTTATTCGGAGGTGTCCATTATTGGAAGG 
runB frw + XmaI AAATTTCCCGGGCGCAGCGTTATGAAAAATACGGAACAA 

runB rev + HindIII AAATTTAAGCTTCCGCCTAGCGAGCATTAGTGC 
runC frw + BsaI into XmaI AAATTTGGTCTCCCCGGGGGCTAACATTTGATTCGCACATCGG 

runC rev + BsaI into HindIII AAATTTGGTCTCAAGCTTCCTTGTTCAGCAATCACTCAAATATTGTGC 
KrA frw + BsaI into XmaI AAATTTGGTCTCCCCGGGAATAATTCCGAAACGCAAAGAGATAGACCC 

KrA rev + BsaI into HindIII AAATTTGGTCTCAAGCTTGTGGCATCAAATGGTAGTGACACATCG 
KrB frw + BsaI into XmaI AAATTTGGTCTCCCCGGGGTGGCATCAAGTAGTAGTGAGACATCG 

KrB rev + BsaI into HindIII AAATTTGGTCTCAAGCTTCTAACGGTGTAGGGTTTGCATAGCAAA 
KrC frw + BsaI into XmaI AAATTTGGTCTCCCCGGGTAATCTGAGGAGGCGACGTCTAGC 

KrC rev + BsaI into HindIII AAATTTGGTCTCAAGCTTCGATGTCTCACTACTACTTGATGCCAC 
KrD frw + BsaI into XmaI AAATTTGGTCTCCCCGGGTTCCATAGCCGACTTGATGCACAACC 

KrD rev + BsaI into HindIII AAATTTGGTCTCAAGCTTGCTAGACGTCGCCTCCTCAGATTC 

 932 
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Figure 1. The Enhancer Switching Model as a molecular realizaƟon of the Speed RegulaƟon Model.
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Figure 2. ChromaƟn accessibility dynamics during AP paƩerning of the early Tribolium embryo.
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Figure 3. An MS2-MCP enhancer reporter system to visualize enhancer acƟvity in fixed and live 
Tribolium embryos tested using the Tribolium hb enhancer hbA. 
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Figure 4. CorrelaƟon of enhancer acƟvity with differenƟal accessibility.
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Figure 5. SimulaƟon of the Enhancer Switching model with different staƟc enhancer strengths.
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Figure 7. SimulaƟon of the Enhancer Switching Model with deleted enhancers.
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