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SUMMARY

Signal gradients encode instructive information for numerous decision-making processes during 

embryonic development. A striking example of precise, scalable tissue-level patterning is the 

segmentation of somites—the precursors of the vertebral column—during which the fibroblast 

growth factor (FGF), Wnt, and retinoic acid (RA) pathways establish spatial gradients. Despite 

decades of studies proposing roles for all three pathways, the dynamic feature of these gradients 

that encodes instructive information determining segment sizes remained elusive. We developed a 

non-elongating tail explant system, integrated quantitative measurements with computational 

modeling, and tested alternative models to show that positional information is encoded solely by 

spatial fold change (SFC) in FGF signal output. Neighboring cells measure SFC to accurately 

position the determination front and thus determine segment size. The SFC model successfully 

recapitulates results of spatiotemporal perturbation experiments on both explants and intact 

embryos, and it shows that Wnt signaling acts permissively upstream of FGF signaling and that 

RA gradient is dispensable.
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In Brief

Simsek et al. use an elongation-arrested 3D explant system, integrated with quantitative 

measurements and computational modeling, to show that positional information for segmentation 

is encoded solely by spatial fold change (SFC) in FGF signal output. Neighboring cells measure 

SFC to accurately determine somite segment sizes. Wnt signaling acts permissively upstream of 

FGF signaling.

INTRODUCTION

Cells use many signaling systems to sense their microenvironment and communicate with 

each other during development, tissue repair, immunity, and normal tissue homeostasis. How 

instructive information encoded within a signaling (morphogen) gradient is received by cells 

is a critical question broadly relevant for biology, bioengineering, and medicine. Here, we 

studied this important problem in the context of somitogenesis, the embryonic patterning of 

the vertebral column.

Organisms display characteristic patterns, whose sizes scale with variable tissue sizes. 

Identifying mechanisms governing pattern formation and scaling during development is a 

long standing quest. Vertebrate embryos pattern their major body axis as repetitive somites, 

which segment from the presomitic mesoderm (PSM) progressively as the tail end of the 

embryo elongates posteriorly. When somite segmentation goes awry, it results in birth 

defects (Pourquie, 2011). Somitogenesis is both versatile (different species develop 

characteristic segment numbers and periodicity) and very precise (within a given species, 

each individual, regardless of final body size, displays the same segment number and size 

distribution) (Gomez et al., 2008). Several models have been proposed to explain this 

extraordinary precision and scaling behavior. The clock and wavefront (CW) model explains 

periodic and precise segmentation of somites by the interaction of a segmentation clock with 

a posteriorly moving morphogen gradient in the PSM (Cooke, 1975; Cooke and Zeeman, 
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1976). Pioneering discoveries of molecular oscillators and signaling gradients support this 

model (Dubrulle et al., 2001; Dubrulle and Pourquié, 2004; Palmeirim et al., 1997; Sawada 

et al., 2001). While we identified the signaling pathways involved, we still lack a consensus 

regarding the fundamental mechanisms that orchestrate segment boundary placement and 

somite scaling. In the classical CW model, a constant threshold of a posteroanterior 

fibroblast growth factor (FGF) and/or Wnt signaling gradient sets the wavefront position (the 

determination front) beyond which cells become time-stamped to segment into somites 

(Pourquié, 2011) (Figure 1A). The opposing gradients model extends the classical CW 

model and claims that the determination front emerges at the point where opposing retinoic 

acid (RA) and FGF/Wnt gradients both reach a critical threshold (Diez del Corral et al., 

2003) (Figure 1B). In contrast to these long-distance-acting gradient models, a recent study 

proposed a short-distance, Turing-type model comprising a cell-autonomous activator and a 

diffusible repressor with a source at the anterior end of the PSM (Cotterell et al., 2015) 

(Figure 1C).

The existence of three competing mechanisms encoding the determination front is a 

reflection of real experimental and modeling challenges. First, coupling of axial elongation 

of the PSM and regression of the signaling gradients instructing the determination front 

resembles a classical physics problem of determining the position of a moving object in a 

moving car, accommodating for changes in their speed over time. Such coupling poses a 

great challenge for the collection of quantitative data needed to unravel the mechanism 

encoding positional information responsible for pattern formation and scaling. Second, it is 

difficult to disentangle the activities of multiple signaling pathways in the PSM. Third, the 

integration of quantitative data with predictive molecular-level modeling was lacking in the 

previous studies. To overcome these challenges and discover the mechanism encoding the 

determination front, we first developed a 3D zebrafish tail explant model (Figures 1D and 

1E) displaying the same scaling of somite sizes observed during formation of embryonic tail 

somites (Figures 1F and 1G). The explant model effectively decoupled the regression 

dynamics of signaling gradients from the elongation of PSM. We carried out perturbation 

experiments using surgical, pharmacological, and local/mosaic genetic activation tools in 

both explants and whole embryos. These experiments allowed us to disentangle the signaling 

activities of FGF, Wnt, and RA pathways in the PSM. We then quantified changes in 

segment size and scaling following each perturbation and computationally modeled the 

system, generating predictions to be tested experimentally.

The results disfavored variants of the constant-threshold CW models as well as the Turing-

type model. Instead, our results showed that cells along the anteroposterior (A/P) axis 

compare their FGF signaling activity with their neighbors to accurately derive a spatial fold-

change (SFC) value and use this information to position the segmental boundary. The SFC 

of FGF signal encodes positional information; when the SFC exceeds 22%, the neighboring 

cells commit to place a segment boundary between them. Moreover, we discovered a 

hierarchical network in which Wnt signaling affected somite pattern formation by acting 

permissively upstream of FGF signaling.
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RESULTS

The 3D Tissue Explant Model Decoupled Regression of the Determination Front from 
Elongation of the Tail and Unraveled a General Scaling Trend for Segment Sizes

The size of a somite is determined by the distance the determination front regresses 

posteriorly during each segmentation clock cycle. The regression speed of the determination 

front depends both on the speed of axial elongation, which varies throughout somitogenesis 

(Denans et al., 2015; Gomez et al., 2008), and the regression dynamics of the hitherto-

unknown molecular circuit encoding the positional information. To decouple the regression 

dynamics of the determination front from axial elongation, we developed a 3D PSM tissue 

explant model (Figures 1D and 1E). Axial elongation is primarily driven by cell ingression 

into the PSM; we can culture the explants with or without axial elongation leveraging the 

physical forces applied on the explant adhering to a slide (STAR Methods). This resulted in 

zero axial elongation (non-elongating explant condition) but did not stall somitogenesis 

(Figure S1). The segmentation period did not change over the duration of the experiment or 

in between elongating and non-elongating explants (Figure S1).

Segmental boundary determination occurs in the middle of the PSM. Cells located anterior 

to the determination front are already predetermined (time-stamped) to segment into somite 

(Dubrulle et al., 2001; Giudicelli et al., 2007; Sawada et al., 2001). Perturbations of either 

the segmentation clock (Giudicelli et al., 2007) or the signaling gradients (Dubrulle et al., 

2001; Sawada et al., 2001) did not affect the segmentation of these predetermined somites. 

We first quantified the lengths of the last formed somite and the PSM along the A/P axis, 

and the number of predetermined somites throughout somitogenesis of whole embryos 

(STAR Methods; Figures S1). After segmentation of the predetermined somites at the 

anterior PSM, non-elongating explants formed somites with progressively reduced length 

(smaller somites, Figure 1E). We observed a scaling trend correlating somite length with 

PSM length at the time of segmental determination (Figure 1F, insert). Strikingly, this 

scaling trend was observed in all explants independent of stage or variation in initial PSM 

length (Figure 1F). This trend accounts for both the change in somite length and the rate of 

change, described as a slope when somite length is plotted against PSM length (which is 

reduced by every segmented somite). The decrease in somite size could represent a change 

in cell number per somite, cell size, or both. We verified that cell size did not change and 

observed that the scaling was the same whether it was based on explant length 

measurements or cell number per somite (STAR Methods; Figure 1G, gray). Thus, scaling 

reflects a progressive change in the position of the determination front.

To test if somite scaling is an explant artifact, we tested the correlation between the 

previously reported somite and PSM lengths (Gomez et al., 2008) in species of three 

vertebrate classes (chicken, mouse, and zebrafish). Anterior somites have considerably 

constant lengths in all three species (Figure S2), whereas posterior somites get progressively 

shorter; this is because PSM length declines as axis elongation slows down in the posterior 

(Figures S1E and S1F; Denans et al., 2015; Gomez et al., 2008). We found that the length of 

a newly formed tail somite decreases in proportion to the length of the PSM at the time of its 

segmental boundary determination in all three species (STAR Methods; Figure S2). In a 
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living zebrafish embryo, ingressing cells elongate the tail bud, and the scaling slope is 

shallow (Figure 1G, orange). In non-elongating explants (which do not gain any new cells 

after entering the culture chamber), the scaling slope is steep (Figure 1G, black and gray). 

Hence, our explant model uncouples the dynamics of determination front regression from 

axial elongation and mimics segment size scaling of tail somites in whole vertebrate 

embryos, and the slope of the scaling trend as well as somite lengths serve as simple 

readouts that different models for segmental determination should be able to reproduce.

Existing Models Cannot Reproduce the Observed Patterns

Using the scaling trends in the explant model as readout, we first asked if two of the 

prevailing models of somite segmentation (opposing gradients [Figure 1B] and Turing-type 

[Figure 1C]) can correctly predict the explant response to perturbations. The sources of the 

RA gradient in the opposing gradients model and the unknown repressor molecule in the 

Turing-type model are newly formed somites. Therefore, both these models predict that 

removal of the newly formed somites and/or the anterior PSM should alter the position of 

the determination front and hence modify the scaling trends. Whereas control explants 

contained the whole PSM with 3 to 5 of the most recently segmented somites (Figure 2A, 

full axis), we imposed two types of anterior dissections as experimental perturbation: PSM 

tissue without any visible somites but with predetermined somites (Figure 2B, full PSM) and 

explants with only the posterior PSM without the predetermined somites (Figure 2C, half 

PSM). Contrary to the models’ prediction, we find that all three types of explants exhibited 

the same (p = 0.3) scaling trend (Figures 2D and 2E), arguing against any type of signal 

provided by tissue anterior to the determination front. Strikingly, the half PSM explants 

scaled their somite sizes not with their remaining size (half PSM) but with the size that also 

included the predetermined somites that were dissected out at the beginning of explant 

culture (Figures 2D and 2E). To rule out residual RA signal, we treated the full axis explants 

with the RA receptor inhibitor drug BMS493 (50 μM in DMSO) (Figures 2F and 2G). 

Consistent with a previous study reporting only minor size changes in RA signaling-

deficient quail embryos (Diez del Corral et al., 2003), pharmacological inhibition of RA 

signaling did not change somite sizes in intact zebrafish embryos (Figures S3A and S3B). Of 

note, RA signaling was perturbed in zebrafish previously, but the impact on somite sizes was 

not reported (Begemann et al., 2004; Kawakami et al., 2005). The inability of the two 

models to correctly predict the results of pharmacological and surgical perturbations 

suggests that a different system determines the position of the determination front (Figures 

2A-2G).

We next dissected the PSM tissue into anterior and posterior halves and cultured them in the 

same well, but without contact with each other (Figures S3C and S3D). Interestingly, we 

observed that the segmentation of the posterior half of the PSM explants began with a delay 

of 3 to 4 clock cycles, waiting until after segmentation of its anterior half was completed 

(Figures S3C and S3D). These results demonstrated that the position of determination front 

is primarily set by molecules acting posterior to the hypothetical activator-repressor 

interactions taking place at the anterior end of the PSM proposed by the Turingtype model 

(Cotterell et al., 2015).
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Pharmacological inhibition or ectopic activation of FGF or Wnt signaling pathways altered 

segment lengths (Aulehla et al., 2003; Dubrulle et al., 2001; Sawada et al., 2001), indicating 

a shift in the determination front position. The posteroanterior gradients of FGF and Wnt 

signaling in the PSM (Aulehla et al., 2003; Dubrulle et al., 2001; Sawada et al., 2001) are 

established in part due to localized transcription of ligands (Dubrulle and Pourquié, 2004), 

which will automatically be translated into a protein gradient. So far, the role of protein 

diffusion has not been investigated during somite segmentation. To further assess the roles of 

the FGF and Wnt diffusion in segmental boundary position, we dissected and removed the 

tail bud, where FGF/Wnt are transcribed, and tested the impact of removing their 

transcription zone on the boundary position (Figure 2H). If ligands do not diffuse, then the 

ligand gradients will not change in the tissue when we remove the transcription zone. 

Therefore, somite lengths in tail-bud-removed explants will be the same as those in intact 

explants. Eliminating the FGF/Wnt transcription zone did not change the scaling slope. 

However, and in contrast to anteriorly dissected explants (Figures 2A-2E), we observed an 

immediate shift in the position of the determination front as reflected by the formation of 

shorter somites in posteriorly dissected explants relative to explants containing the tail bud 

(Figure 2I). After the three predetermined somites segmented, the first somite to be 

determined following removal of the transcription zone was shorter than equivalent control 

somites. This result suggests that the signaling morphogens diffuse rapidly and that removal 

of their transcription zone impacts segment sizes immediately (Figure 2I). Therefore, even 

though it is possible to establish a posterior gradient merely with the decay of cell-intrinsic 

RNA levels (Dubrulle and Pourquié, 2004), ligand diffusion is necessary to establish the 

gradient that provides positional information for segmentation.

To unravel which dynamic feature of the signaling gradients encodes position information, 

we built a generic mathematical model describing the system. The model incorporates ligand 

(FGF or Wnt) diffusion, degradation and receptor binding, receptor activation of 

intracellular signals (double phosphorylation of extracellular receptor kinase ERK [ppERK] 

or nuclear localization of β-catenin), synthesis of inhibitor proteins, and inhibition of signal 

output (dephosphorylation of ppERK or phosphorylation and nuclear delocalization of β-

catenin; Figure 3A; STAR Methods). We restricted transcription of ligand RNA only to cells 

in the tail bud zone, which reproduced the mRNA gradient observed in the tissue (Dubrulle 

and Pourquié, 2004). We performed an initial coarse parameter search by simulations of 

different physiological time delays and reaction rates (STAR Methods; Yu et al., 2009). For 

each model, we screened 10,000 parameter sets covering a parameter space with 10-fold 

changes resulting in a wide ranges of signal gradients from extremely steep to extremely 

shallow with half maximal effective concentration (EC50) positions spanning half the size of 

PSM. First, we noted that without diffusion in non-elongating explants, each cell would 

translate the mRNA remaining from when the cell was in the tail bud. In this scenario, the 

model generated somites of constant length (Figure 3B), which suggested a role for ligand 

diffusion in line with the conclusion of tail bud dissection experiments (Figure 2I). We 

further assumed that the morphogen diffuses only anteriorly from the posterior-most cell (a 

no-flux boundary condition at the posterior), and once the morphogen enters a newly formed 

somite, it will be completely absorbed by high levels of FGF receptors at the anterior 

boundary of PSM and endocytosis of receptor/ ligand complexes (Scholpp and Brand, 
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2004). No posterior diffusion will occur (described as perfectly absorbing boundary 

condition). The simulations revealed that the immediate effect of elongation arrest is to alter 

the steepness of the gradient rather than changing the signal levels as the determination front 

approaches the morphogen source. None of the 10,000 permutations positioned the 

boundary correctly when the model assumes a constant threshold readout; i.e., somite length 

did not immediately decrease after the arrest of axial elongation (Figure 3B). Hence, each of 

three prevailing models in the field (Figures 1A-1C) failed to reproduce the observed 

segment scaling trends (Figures 2 and 3).

A Spatial Fold Change of Signaling between Neighboring Cells Encodes Positional 
Information and Thereby Determines Segment Sizes

As the constant-threshold CW model prediction (Figure 3B) did not reproduce the observed 

scaling pattern, we tested four alternative readout models for the positional information 

encoded by FGF and/or Wnt signaling output: (1) temporal integration of signaling levels 

(Ben-Zvi et al., 2008; Dessaud et al., 2007; Inomata et al., 2013) of ppERK or β-

cateninnuclear (Figure 3C, second row), (2) temporal derivative measuring how fast signaling 

changes (Figure 3C, third row; Cohen-Saidon et al., 2009; Goentoro and Kirschner, 2009; 

Wartlick et al., 2011), (3) spatial derivative measuring signal differences between 

neighboring cells or measuring the slope of gradient (Figure 3C, fourth row; Rogulja and 

Irvine, 2005), or (4) SFC measuring signaling levels difference between neighboring cells, 

where each cell computes the percentage difference of signaling between itself and its 

neighbors (Figure 3C, fifth row). We again screened 10,000 parameter sets for each of the 

four alternative models. While the SFC model provided multiple parameter sets that 

recapitulated the observed data, none of the other models could produce any parameter set 

that fits the observed data (the closest simulations are shown in Figures 3D and S3E).

The SFC model produced two critical predictions. First, foldchange detection should provide 

robustness against amplitude changes (Goentoro and Kirschner, 2009). To directly test this 

prediction, we first quantified ppERK and β-cateninnuclear levels by performing 

immunohistochemistry at 14 somite stage embryos (Figure 4A). Plotting the raw data 

revealed substantial variability in the ppERK and β-cateninnuclear levels from embryo to 

embryo (Figure 4B, left column). In the presence of signaling variability, constant threshold 

readout would not determine segment boundaries accurately in all embryos. On the other 

hand, normalizing the ppERK and β-cateninnuclear levels to their maximum values in each 

embryo effectively eliminated the variability in the gradients (Figure 4B, right column). The 

SFC model automatically achieves such normalization by detecting fold change, not 

absolute levels. Second, the SFC model predicted that the determination front at all somite 

stages occurs when the fold differences in signal outputs between neighboring cells reach a 

fixed value. To test this prediction, we graphed the data for ppERK and β-cateninnuclear 

levels from 14, 18, 22, and 26 somite stage embryos, aligning all at the posterior end of 

notochord (Figures 4C and 4E). The PSM border was precisely determined by the position 

of nuclei, and the position of the determination front was estimated by subtracting the length 

of the predetermined somites from the length of the PSM (Figure S2) at each stage (Figures 

4C and 4E, vertical dashed lines; STAR Methods). The position of the determination front, 

determined independently of staining, was not aligned with the level of either ppERK or β-
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cateninnuclear (as would be predicted by the constant threshold model) or by the slope of 

signal strength (as would be predicted by the spatial derivative model) (Figures 4D and 4F, 

bar graphs). However, at all stages, the fold change in ppERK signal intensity was fixed at 

~22% difference between neighboring cells at determination front positions (Figures 4D and 

S4A). The same was not true for β-cateninnuclear localization (Figure 4F). This observation 

validated a critical prediction of the SFC model. The SFC, but not absolute levels of ppERK, 

was conserved at the determination front even at early stages (3–12 somites) (Figures S4B 

and S4C), when segment sizes did not scale with PSM size (Figure S2E). Universal 

conservation of the SFC detection throughout somitogenesis, independent of the scaling 

phenomenon, suggests that the SFC of FGF signaling encodes positional information, 

whereas Wnt signaling does not play an instructive role in segmental determination.

Scaling of morphogen gradients with system size has previously been observed in different 

systems (Ben-Zvi et al., 2008; Inomata et al., 2013). We then replotted the ppERK and β-

cateninnuclear levels by normalizing the tissue length at different stages. We observed a 

scaling of both FGF and Wnt gradients from different stage embryos with the PSM length 

when we excluded the tail bud from the calculation (Figures 4D and 4F, left top graphs). 

While neither ppERK nor fgf8 mRNA gradients scaled with PSM length at anterior somite 

positions, we have shown that after the 14 somite stage, the scaling of the ppERK gradient 

mirrored the scaling of the fgf8 mRNA gradient (Figures S4G and S4H). We posit that since 

fgf8 mRNA and ppERK gradients were constant in more anterior somites (Figure S4G), 

somite length was also constant and did not scale with PSM length at early stages (Figure 

S2F).

We then asked whether constant threshold readout of scaled gradients could encode 

positional information. Several observations argued against this: (1) A perfectly scaling 

gradient encoding positional information predicts that the position of determination front 

(marking the junction of posterior PSM and pretermined somites) should be kept at a fixed 

relative position in the PSM. However, the ratio of posterior PSM to full PSM was not kept 

constant throughout somitogenesis (Figure S1; Gomez et al., 2008). Therefore, this 

prediction was incorrect. (2) At the determination front position, different gradient readouts 

are observed at different stages (Figures 4D and 4F, bar graphs; Figure S4B); this variability 

contradicts a simple constant threshold readout, whereas the fold-change detection 

mechanism does provide a constant value at every determination front (Figures 4B and 

S4C). (3) Variability in signaling gradients prevents a simple constant threshold readout and 

necessitates fold-change detection mechanism (Figure 4B). (4) Even if signal gradient 

variability was ignored, the constant threshold model cannot explain the scaling trends in 

explants (Figure 3B). (5) Reducing the PSM by half in explants resulted in somites scaling 

relative to the initial size of the PSM, not to the size of remaining explant (Figure 2E). A 

constant threshold readout of a perfectly scaled gradient requires fine-tuning by adding 

multiple new assumptions to explain this result. Altogether, our data suggest that segmental 

determination and segment size scaling are not achieved simply by the scaling of gradients 

themselves.
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Wnt Signaling Acts Permissively Upstream of FGF Signaling

Perturbation of Wnt signaling can change segment sizes (Aulehla et al., 2003; Bajard et al., 

2014). We reasoned that if Wnt signaling does not encode the positional information, it 

might instead act permissively upstream of FGF signaling. We next investigated the 

hierarchy between the FGF and Wnt signaling pathways in the PSM. We used heat-shock-

inducible transgenic lines (hsp70l:dnfgfr1a-EGFP, expressing dominant-negative FGF 

receptor fused with GFP reporter; Lee et al., 2005) and hsp70l:tcf7l1a-GFP expressing 

dominant-negative tcf7l1a (TCF) fused with GFP reporter; Lewis et al., 2004) to inhibit the 

activities of each signaling pathway in a timecontrolled manner (STAR Methods). Upon 

induction, both transgenes (dnfgfr1a-EGFP and tcf7l1a-GFP) accumulated GFP at the same 

rate (Figure S5A), each decreasing the outputs of both pathways (Figures 5A and 5B), 

confirming earlier observations in different species that FGF and Wnt signaling reinforce 

each other (Aulehla et al., 2008; Wahl et al., 2007). However, we noticed that while 

perturbation of FGF signaling at the 12 somite stage affected somite sizes beginning at the 

16th somite (4 somites delay; Figure S2A), perturbation of Wnt signaling at the same stage 

affected more posterior somites, starting from the 19th somite (7 somites delay; Figure 5C). 

Thus, PSM cells in a domain 3 somites long became immune to perturbations of Wnt 

signaling while remaining sensitive to perturbations in FGF signaling. These results 

demonstrate that Wnt regulates segmental determination more posteriorly (and therefore at 

earlier time-points) than FGF signaling does (Figure 5D). Based on these observations, we 

anticipated that the impact of Wnt perturbations on FGF signal SFC would be delayed more 

than 1.5 hr (the time it takes to generate 3 somites). We then tested this prediction by 

inhibiting Wnt signaling at a precise time in transgenic embryos. Although the raw ppERK 

levels changed within 1 hr after the perturbation (Figure 5B), the SFC of ppERK changed 

after 2 hr, as predicted (Figure 5E). When the 19th somite was predetermined at the 16 

somite stage, the SFC of ppERK was shifted posteriorly by 16 ± 2 μm (relative to control; 

Figure 5E). A corresponding change in the 19th somite length was recorded (18 ± 3 μm; 

Figures 5C, 5E, and 5F). The same results were obtained using a different Wnt-inhibiting 

transgenic line (hsp70l:dkk1b-GFP; Figures S5B-S5E). Collectively, the data suggest that 

the FGF signaling SFC is the long-sought information content positioning the determination 

front, while Wnt signaling acts upstream of FGF signaling in a permissive manner (Figure 

5D).

Predictions of the SFC Model Are Successfully Reproduced by Perturbation Experiments 
in Both Explants and Whole Embryos

When the tail bud is removed, the gradient should become shallower due to a decrease in 

posteroanterior flux of ligand proteins. According to the constant-threshold CW model, 

somite should be longer in tailbud-lacking explants with a shallower gradient (Figure 6A). In 

contrast with these predictions, somite length decreased when the tail bud was removed 

(Figure 2I). When we quantified the ppERK levels in surgically manipulated half PSM and 

explants lacking tail buds, we observed that the absolute levels of ppERK were not 

conserved at the determination front positions. By contrast, FGF signal SFC values were 

conserved in each determination front all explants (Figure S6), as they were in embryos 

throughout somitogenesis (Figures 4 and S4). We next tested whether the SFC model 

simulations could reproduce the changes of segment sizes seen in explants without tail bud 
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(Figure 2I). We found multiple parameter sets that successfully simulated data from both the 

intact and dissected explants (Figure 6A). The SFC model explains this counterintuitive 

observation: the ppERK gradient slope (~ΔS) becomes shallow because the absolute levels 

of ppERK (S) decreased at the new PSM posterior end after removal of the tail bud (Figures 

S6H and S6K). The slope decreases more than the absolute level, and thus the fold change of 

ppERK (ΔS/S) decreases (Figure S6K). This effect results in shorter (not longer) somites in 

tailbud-removed explants (Figure S6I).

We used the in silico SFC model to make three more predictions. First, the model predicted 

formation of larger somites with a steeper decline in sizes when FGF signaling is inhibited 

(Figure 6B). To test this prediction, we treated full axis PSM explants with the FGF receptor 

(FGFR) inhibitor drug SU5402 (10 μM in DMSO). Indeed, SU5402 treatment resulted in 

larger somites followed by a steeper scaling trend (Figure 6B). Second, the simulations 

predicted formation of even smaller somites with a steeper scaling trend if the negative 

feedback loop in the signaling network was weakened (Figure 6C). To test this prediction, 

we targeted DUSP1/6, which is downstream of FGF signaling and inhibits the activity of 

FGF signaling by dephosphorylating ppERK. As predicted, treating explants with the 

DUSP1/6 inhibitor drug BCI (2 μM in DMSO) resulted in steeper decline in scaling trend as 

compared to DMSO-only treatment data (Figure 6C).

We next tested the third SFC model prediction in whole embryos. We treated zebrafish 

embryos continuously with a low dose of SU5402 (2 μM) that did not change the tail 

elongation speed (Figure S7A), starting at the 10 somite stage. When embryos were treated 

with low doses of SU5402, it took a while for ppERK to attain a new, lower level that was 

kept constant afterward and regresses with the speed of tail elongation (which was not 

affected with low SU5402 treatment). Following normal segmentation of the 3 

predetermined somites, we observed formation of 4 or 5 large somites before the sizes of the 

following somites were reduced back to control sizes (Figures 6D and 6E). The longest 

somite was formed after two segmentation cycles (Figure 6E) due to the slow rate of change 

in ppERK levels (Figures S7B and S7C). Both SFC and the constant-threshold CW model 

were able to model the increase in somite length until it reached its maxima by simulating 

the gradual effect of drug over two segmentation cycles. Once at steady state, the ppERK 

profile did not change further and the constant-threshold CW model (which only looks at the 

level [S]; Figure S6K) predicted incorrectly an immediate return to a somite length set by 

the tail elongation speed (which is not affected by low SU5402 treatment). By contrast, the 

SFC model computed ΔS/S and correctly predicted several large somites forming before 

somite sizes decrease back to normal (Figure 6G), consistent with the experimental 

observations. The accuracy of the SFC model was confirmed by the observation that a fixed 

SFC value (~22%) of FGF signaling output was measured at all determination fronts 

throughout somitogenesis in intact embryos and explants (Figures 4D, 6, S4, and S6) and 

following Wnt (Figures 5 and S5) and FGF inhibition (Figures 6 and S7).
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Mosaic Experiments Confirm the SFC Model’s Prediction of Non-cell-autonomous 
Segmental Determination

A unique feature of the SFC model is that it relies on a non-cellautonomous signal-encoding 

mechanism for segmental determination (the SFC depends on levels of ppERK in both of the 

neighboring cells). To test this aspect of the model directly, we designed an experiment to 

form precocious segments within the posterior PSM of whole embryos and tested if wild-

type cells can be recruited by their mutant neighbors to participate in the somite. We 

transplanted 40–50 cells from embryos of the hsp70l:dnfgfr1a-EGFP transgenic line to the 

same latitudes of wild-type embryos at the blastula stages (Figure 7A). We then heat 

shocked 8–12 somite stage host embryos and performed immunostaining to detect ppERK 

and GFP in the posterior PSM (Figures 7B-7D). Our results showed that the levels of 

ppERK dropped cell autonomously only in transgenic GFP-positive cells, but not in their 

immediate neighbors (Figure 7E). Simulations of all other readout models predict that only 

dominant-negative FGFR (dnFGFR)-expressing cells in which FGF signaling output is low 

would precociously commit to segmentation (Figure 7F, top). Conversely, the SFC model 

predicts that the neighbors of dnFGFR-expressing cells will be recruited to join the 

precocious segments (Figure 7F, bottom). We then performed immunostaining on host 

embryos, which were fixed 4 hr after heat shock, and observed formation of irregularly 

shaped and enlarged somites (Figures 7G-7I). GFP staining detected GFP-positive central 

cells surrounded by a ring of GFP-negative cells within ectopic somites (Figures 7J-7N), 

validating the prediction of the SFC model.

We next tested this prediction in 3D explants. We applied local heat shock using pinhole-

restricted light exposure to the tissue explants (Figure S8A) from the hsp70l:dnfgfr1a-EGFP 
transgenic line to cell autonomously block FGFR activity in specific groups of cells. We 

performed cell nuclei staining (Figure S8B) and immunohistochemistry against GFP (Figure 

S8C) to precisely identify cells forming the precocious somites and cells affected by the 

local heat shock, respectively (Figure S8D). We observed formation of precocious somite in 

a domain larger than that expressing dnFGFR-GFP (Figure S8E). We further quantified the 

average dnFGFR-GFP intensity from cells outside of the precocious segments (background 

level), cells at the border of segments, or cells in the interior of the segment. Our analysis 

showed interior cells expressed GFP, but border cells did not (Figure S8F), indicating that 

cells that did not express dnFGFR-GFP were recruited to the somite, as was uniquely 

predicted by the SFC model (Figure S8F). These results in both whole embryos and explants 

demonstrate that cells commit to segmentation by comparing their FGF signaling output to 

that of their neighbors.

DISCUSSION

The exact mechanism positioning the determination front was a contested subject prior to 

this study. Variants of the longstanding CW model proposed that positional information was 

encoded by a constant threshold of the morphogen gradient (Cooke and Zeeman, 1976; Diez 

del Corral et al., 2003; Pourquie, 2011). A more recent Turing-type model challenged that 

view and attributed segmental determination to a yet-to-be-discovered diffusible molecule 

(Cotterell et al., 2015). To resolve this conflict and uncover which mechanism positioned the 
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somite boundary, we developed a novel 3D PSM explant model that decoupled axis 

elongation from the patterning mechanism, performed spatiotemporal perturbation 

experiments (both in explants and in whole embryos), and carried out quantitative 

measurements and computational modeling based on well defined molecules involved in the 

signaling cascade known to affect the somite. This parsimonious modeling approach was 

used to test the fit of current models to the results of multiple perturbation experiments. 

Surprisingly, none of the three prevailing models (constant morphogen thresholds, opposing 

gradients, and Turing instabilities) produce the observed response to perturbations. This 

necessitated a search for an alternative model, which resulted in the discovery of a 

paradigm-shifting information-encoding mechanism measuring the SFC in FGF signal 

output. The SFC model showed that when neighboring cells measure a difference of 22% 

between them in the output of FGF signals, they position a boundary between them under all 

the conditions we tested. Moreover, experimental perturbations designed to specifically test 

SFC-model-predicted phenomena in intact and perturbed tissues validated the model.

Previous work attributed an instructive role for Wnt signaling (Bajard et al., 2014) but did 

not quantify how the SFC of ppERK changes upon inhibition of Wnt signaling, which 

prevented them from monitoring the information-encoding aspect of FGF signals. By 

observing the time delay of perturbation in each pathway, we were able to disentangle the 

contributions of FGF and Wnt signaling gradients and show that Wnt signaling acts 

permissively upstream of FGF signaling, which encodes the information used to influence 

segment length.

ppERK accumulation is more dynamic in mice (Niwa et al., 2011) than in zebrafish 

(Akiyama et al., 2014; Bajard et al., 2014; Sawada et al., 2001). Despite this species-specific 

difference, the segmentation clock is necessary for the conversion of spatial signaling 

readouts into discrete commitment of cells to segmentation at the determination front in all 

species (Akiyama et al., 2014; Niwa et al., 2011). The conservation of the SFC levels of 

ppERK at each determination front indicates that the segmentation clock must act in 

conjunction with the cellular SFC ‘‘decoder’’ (Figures 4D and S4C) and is not monitoring a 

threshold of ppERK as claimed previously (Akiyama et al., 2014). Potential decoding 

mechanisms of a SFC in ppERK could include the planar cell polarity pathway, the Hippo-

YAP pathway, Eph-ephrin signaling, and integrin-fibronectin or cadherin-cadherin 

interactions (Lander, 2011; Rogulja et al., 2008). The molecular mechanism enabling cells to 

decode the SFC of FGF, and how it integrates with the segmentation clock components, 

remains to be determined.

Segment size scaling is a phenomenon observed in zebrafish (this report) and in mouse 

monolayer cell culture in which the scaling is correlated with, and attributed to, the slowing 

down of segmentation clock oscillations along the A/P axis (phase difference model; 

Lauschke et al., 2013). A later study in zebrafish showed that the spatial phase difference of 

the clock oscillations is not kept constant in vivo and argued against the phenomenological 

phase-difference model (Soroldoni et al., 2014). However, a causal relationship between 

oscillation phases and segment-length scaling has not been demonstrated, nor has this 

relationship been tested in vivo, until this report. Since FGF signaling has previously been 

shown to control the spatial phase difference of the clock oscillations (Dubrulle et al., 2001; 
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Sawada et al., 2001), it seemed likely that the FGF signaling gradient controls both 

segmental boundary determination (somite length scaling pattern) as well as spatial phase 

difference of the clock oscillations. Alternatively, scaling patterns and spatial phase 

difference in clock oscillations might simply be correlated with each other.

Various mechanisms were proposed to control pattern scaling in different tissues (Bier and 

De Robertis, 2015). Our proposed fold-change detection mechanism is analogous to Weber’s 

law in the sensory systems (Goentoro and Kirschner, 2009), except the signal differentiation 

happens in space rather than in time and is decoded by pairs of cells instead of a single 

sensory cell. A fold-change detection mechanism provides robustness in signal decoding 

(output), allowing for variability (noise) in the encoded signal to be filtered out (Goentoro 

and Kirschner, 2009). FGF and Wnt signaling gradients overlap in many tissues, such as 

lung epithelium, limb bud, prechordal plate, hindgut, and lateral line primordium (Gibbs et 

al., 2017; Gros et al., 2010; Dalle Nogare and Chitnis, 2017; ten Berge et al., 2008; 

Volckaert and De Langhe, 2015). We anticipate that our explant system will be amenable to 

investigation into the signal decoding mechanisms and our quantitative approach applicable 

to other tissue patterning systems.

STAR⋆METHODS

Detailed methods are provided in the online version of this paper and include the following:
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• CONTACT FOR REAGENT AND RESOURCE SHARING

• EXPERIMENTAL MODELAND SUBJECT DETAILS

○ Fish stocks

• METHOD DETAILS

○ PSM Tissue Explants

○ Imaging and Microscopy

○ Pharmacological Treatments

○ Heat shock Experiments

○ Local Heat shock Experiments

○ Cell Transplantation
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○ Counting Predetermined Somites

• QUANTIFICATION AND STATISTICAL ANALYSIS
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○ Determination Front Readouts from Simulations

○ Calculation of PSM Size at Segmental Determination

○ Image Analysis

○ Statistical Analysis

• DATA AND SOFTWARE AVAILABILITY

STAR⋆METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Chicken monoclonal anti-GFP Abcam Cat#13970; RRID:AB_300798

Rabbit monoclonal anti-ß-catenin CST Cat#8480; RRID:AB_11127855

Mouse monoclonal anti-ppERK Sigma-Aldrich Cat#M8159; RRID:AB_477245

Rabbit polyclonal anti-Fibronectin Sigma-Aldrich Cat#F3648; RRID:AB_476976

Rabbit polyclonal anti-GFP ThermoFisher Cat#A-6455; RRID: AB_221570

Goat anti-Chicken IgY (H+L), Alexa Fluor 
488

Invitrogen Cat#A-11039; RRID:AB_142924

Goat anti-Mouse IgG2b, Alexa Fluor 594 Invitrogen Cat#A-21145; RRID:AB_2535781

Goat anti-Rabbit IgG (H+L), Alexa Fluor 
594

Invitrogen Cat#A-11012; RRID:AB_141359

Goat anti-Rabbit IgG, Alexa Fluor 647 Invitrogen Cat#A-21245; RRID:AB_2535813

Anti-Digoxygenin (DIG)-AP Fab 
fragments

Roche Cat#1093274; RRID:AB_2314302

Chemicals, Peptides, and Recombinant 
Proteins

BCI CalbioChem Cat#317496

SU5402 CalbioChem Cat#572630

BMS493 Sigma-Aldrich Cat#B6688

Penicillin-Streptomycin Sigma-Aldrich Cat#P4333

Antibiotic antimycotic solution (100 ×) Sigma-Aldrich Cat#A5955

L-15 medium with L-Glutamine w/o 
Phenol Red

GIBCO Cat#21083–027

Fetal bovine serum (FBS) ThermoFisher Cat# A3160601

Fast Red tablets Roche Diagnostics Cat# 11496549001

Experimental Models: Organisms/Strains

Zebraf ish: Tg(β-actin:NLS-tdMCP-EGFP) Campbell et al., 
2015

ZFIN: ZDB-TGCONSTRCT-150624–4

Zebrafish: Tg(hsp70l:dnfgfr1a-EGFP) Lee et al., 2005 ZFIN: ZDB-TGCONSTRCT-070117–101

Zebrafish: Tg(hsp70l:tcf7l1a-GFP) Lewis et al., 2004 ZFIN: ZDB-TGCONSTRCT-070117–160

Zebrafish: Tg(hsp70l:dkk1b-GFP) Stoick-Cooper et 
al., 2007

ZDB-TGCONSTRCT-070403–1

Software and Algorithms
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REAGENT or RESOURCE SOURCE IDENTIFIER

Fiji Schindelin et al., 
2012

https://fiji.sc/; RRID: SCR_002285

MATLAB R2016a Mathworks https://www.mathworks.com/products/matlab.html;
RRID: SCR_001622

Imaris 8.1.2 Bitplane http://www.bitplane.com/imaris/imaris; RRID:SCR_007370

GraphPad Prism 7 GraphPad http://www.graphpad.com/; RRID:SCR_002798

Other

Nikon A1R GaAsP inverted confocal 
microscope
40× 1.15 NA apo λS DIC-WI objective

Nikon N/A

Zeiss Axio-Observer-Z1 ApoTome 
microscope
40× 0.75 NA dry objective

Zeiss N/A

Leica DMI 6000 inverted microscope
10× 0.25 NA dry objective

Leica N/A

Leica M205FA dissection microscope Leica N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to the Lead Contact Ertugrul 

Ozbudak (Ertugrul.Ozbudak@cchmc.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fish stocks—All the fish experiments were performed under the ethical guidelines of 

Albert Einstein College of Medicine and Cincinnati Children’s Hospital Medical Center, and 

animal protocols were reviewed and approved by the respective Institutional Animal Care 

and Use Committees (Protocol # 20150704 and Protocol # 2017–0048). Transgenic (β-
actin:NLS-tdMCP-EGFP) (Campbell et al., 2015), (hsp70l:dnfgfr1a-EGFP) (Lee et al., 

2005), (hsp70l:dkk1b-GFP) (Stoick-Cooper et al., 2007) and (hsp70l:tcf7l1a-GFP) (Lewis et 

al., 2004), and wild-type adult fish were used in experiments. Adult fish were kept on a 14–

10 light/dark cycle at the Zebrafish Core Facility, maintained at 28.5°C. Embryos were 

collected by natural crosses at the facility and grown in E3 medium until the desired stage. 

For local heat shock experiments, transgenic heterozygous fish were inbred and wild-type 

siblings were used as control. Embryos were incubated at 23.5°C for imaging experiments 

and at 28°C for in situ hybridization and immunohistochemistry experiments.

METHOD DETAILS

PSM Tissue Explants—Embryos at different stages (6–12 somites) of somitogenesis 

were dechorionated in E3 medium and deyolked in Leibovitz’s cell culture (L-15) medium. 

Tail bud tissue was dissected and cleaned with microsurgical knife under a 

stereomicroscope. Needles and lash tools were used to scrape the ventral surface of the 

tissue to remove the yolk granules.

Imaging slides were prepared with a well to hold the explant in dorsoventral position using 

two-layers of transparent tape on a 25 × 75 mm microscope slide and cutting out a 15 × 15 

mm well in the center that can be coverslipped. Alternatively, doubleway slides allowing 
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high-resolution z-stack imaging from either side were prepared with a piece of cardboard cut 

in the size of a microscope slide witha20 × 20 mm square hole in the middle. Acoverslip (22 

× 22 × 0.16–0.19mm) with two-layer tape thickness well, as described above, was taped to 

cover the hole. Slide wells were filled with 50 μL of growth medium (L-15 medium with L-

Glutamine w/o Phenol Red (GIBCO, 21083–027), %15 FBS (Sigma, F0926), 0.8 mM CaCl2 

and 50 U/mL penicillin-streptomycin (Sigma, P4333)).

Embryonic tissue explants were transferred from L-15 medium onto a separate coverslip 

using glass Pasteur pipettes. The explant was arranged to stay on the coverslip along 

dorsoventral axis with the help of surface tension after gently sucking out the excess media 

around it with 20 μL pipettes. This coverslip was flipped over the well-slide filled with 

growth medium quickly before letting the tissue dry out. Using the influence of physical 

stress and tension, the explant tissue was maintained with zero axial elongation (non-

elongating explant condition) without stalling the somite segmentation (Figure S1).

Imaging and Microscopy—For 3D cell-counting data, multi-dimensional 2 × 4 mosaic 

images were captured with 5 μm ApoTome z sectioning at 30 minutes intervals on a Zeiss 

Axio-Observer-Z1 microscope with a 20× dry 0.40 NA objective lens. Mosaic tile images 

were auto-stitched by using Zeiss AxioVision 4.8 software and cell nuclei were counted as 

described in “Quantification and Statistical Analysis.’’ Double-way slides were imaged from 

both dorsal and ventral sides of the embryonic explants, to obtain higher resolution 

ApoTome sections beyond 40–50 μm of tissue depth at each time-point. Microscope room 

was kept temperature controlled at 23° C throughout the experiments.

Data for the elongating/non-elongating explant conditions and drug-treatment experiments 

were taken on a Leica DMI 6000 inverted microscope with 10× 0.25 NA dry objective lens 

and DFC-340-FX camera at 25°C. Transmission light and GFP fluorescence images were 

taken every 3 minutes over 6 hours for the segmentation period measurements. Scaling 

experiments were performed by taking hourly images for 8 hours.

NBT/BCIP stained in situ hybridization samples were imaged on a Leica M205FA 

dissection microscope. Samples of xirp2 staining were imaged in Petri dishes covered with 

agarose as whole embryos (wedged-shaped troughs made with a plastic mold plate in 1.5% 

agarose/maleic acid buffer (MAB) solution). Samples of cyp26a staining were flat mounted 

on a coverslip-slide chamber using nail polish before imaging. Fast Red stained fluorescent 

in situ hybridization samples were imaged with 2 μm z-scan on a Nikon A1R GaAsP 

inverted confocal microscope with a 20× apochromatic VC DIC 0.75 NA dry objective lens. 

Maximum intensity projection of five consecutive z-steps (10 μm) were used to analyze 

fluorescence intensity.

Fixed samples in immunostaining protocols (WT, heat shocked, or transplanted embryos and 

dissected, or local heat shocked explants) were imaged in slide nail polish chambers (lateral 

for late, flat mounted for early stages). Either a Zeiss Axio-Observer-Z1 microscope with a 

40x dry 0.75 NA (1 μm ApoTome z sectioning) or a Nikon A1R GaAsP inverted confocal 

microscope with a 40× apochromatic λS DIC-water immersion 1.15 NA objective lens (2 

μm sectioning) were used for imaging.
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Pharmacological Treatments—To perturb the determination front regression dynamics 

during somitogenesis, embryos were treated either with SU5402 (CalbioChem, 572630; 2–

20 μM) FGF receptor inhibitor drug (Sawada et al., 2001) or BCI (CalbioChem, 317496; 0.5 

– 10 μM) to inhibit dual-specificity phosphatase (DUSP1/6) downstream auto-inhibitor of 

FGF signaling (Molina et al., 2009). 10 μM SU5402 treatment was performed at 28°C for 

predetermined somites counting experiments. RA signaling was inhibited with BMS493 

(Sigma, B6688; 50 μM) retinoic acid receptor inhibitor drug (Wendling et al., 2000). 

Working solutions of drugs (1 mM for SU5402, 10 mM for BCI and 10 mM for BMS493) 

were prepared in DMSO and diluted in either E3 medium (for whole embryos) or growth 

medium (for explants) to their final concentrations. Control data were obtained with 

corresponding concentrations of DMSO. The final concentration used in each experiment is 

provided in the legends of each figure.

Heat shock Experiments—12 somite stage hsp70l:tcf7l1a-GFP or hsp70l:dnfgfr1a-
EGFP and 11 somite stage hsp70l:dkk1b-GFP transgenic embryos were heat shocked at 

38°C for 50 or 60 minutes, respectively. Embryos were either fixed immediately after the 

heat shock or with one hour delay for immunostaining. For segment size changes due to 

Wnt/FGF inhibition, embryos were grown at 28°C incubator following the heat shock. For 

transplantation experiments, same duration (50 minutes) heat shock is applied to both donor 

and host embryos, at 8–12 somite stages, grown overnight at 23°C in transplantation media 

following transplantation protocol.

Local Heat shock Experiments—8 somite stage embryos were dissected into anterior 

(anterior somites) and posterior (2–3 posterior somites and the PSM) pieces. Both tissue 

pieces were flat mounted in imaging slide wells as described above. The anterior tissues 

were heat shocked for 35 minutes in water bath at 38°C to identify transgenic embryos. The 

posterior tissues were locally heat shocked using the UV light (405 nm) exposure in 63× oil 

objective (NA= 1.25) with a Leica DMI-6000 inverted microscope. Exposure area was 

restricted by using one of three different pinholes (circular and mediolateral or rostrocaudal 

alignment of rectangular). The duration and power of UV exposure were optimized as 400 s 

and 55% fluorescence diaphragm at full power of Leica EL6000 UV light source. 

Transgenic identified tissues were analyzed whereas wild-type siblings were kept as control.

Cell Transplantation—Transplantation media (1:100 Antibiotic Antimycotic Solution 

(100×, Sigma, A5955) diluted in 1/3 Ringer solution) was prepared fresh before the 

experiments. 25 mm plastic Petri dishes were covered with 2% agarose in transplantation 

media for the procedure and holding dechorionated young embryos. Agarose solution in the 

transplantation dish was molded with diagonal holes sitting one embryo in each. All steps 

were performed embryos soaked in the transplantation media. Wild-type host and transgenic 

donor embryos were dechorionated manually in glass dishes starting 2 hpf. Host embryos 

were maintained slightly younger than the donor embryos. When donor cells got small 

enough to fit into transplantation needle, 40–50 cells were transplanted from donor to host 

embryos. In order to increase mesoderm fate efficiency of transplanted cells, cells were 

collected from the blastoderm near yolk margin of donor embryos and targeted into similar 

latitudes of host embryos.

Fethullah Simsek and Özbudak Page 17

Cell Rep. Author manuscript; available in PMC 2018 July 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In Situ Hybridization—Embryos were stained for xirp2, cyp26a1 or fgf8 expression. DIG 

labeled RNA probes were prepared by in vitro transcription and anti-digoxygenin (DIG)-AP 

Fab fragments (Roche, 1093274) were used. Embryos raised at 28°C were fixed (30 hpf for 

xirp2 experiments, at indicated somite stages for cyp26a1 and fgf8 experiments) with 4% 

paraformaldehyde (PFA) at room temperature for 2 hours. Fixed embryos were washed in 

MAB-Tween, dehydrated in methanol and rehydrated following previously reported standard 

in situ hybridization protocols (Thisse and Thisse, 2008). fgf8 staining is colored with fast 

red tablets for fluorescent imaging and quantification.

Immunohistochemistry—For ppERK and β-catenin immunostaining, embryos were 

collected at 10 different stages (3, 4, 5, 10, 11, 12, 14, 18, 22 and 26 somites), dechorionated 

with needles, anesthetized with tricaine, fixed overnight at 4°C with 4% PFA and dehydrated 

with methanol. Explants were fixed following flat mounting in slide chambers. After being 

rehydrated, samples were washed with MAB-D-T (150 mM NaCl in 0.1 M maleic acid 

buffer, pH 7.5,1%DMSO and 0.1% Triton X-100 detergent) and blocked with fetal bovine 

serum (FBS) in MAB-D-T for 2 hours at room temperature. Samples were then incubated 

with monoclonal mouse antibody against pp-ERK (1:2000, Sigma) and monoclonal rabbit 

antibody against β-catenin (1:200, Cell Signaling) in MAB-D-T at 4°C for 24 hours, washed 

with MAB-D-T and incubated overnight in Alexa Fluor 597 goat anti-mouse IgG2b (1:200, 

Invitrogen) and Alexa Fluor 647 goat anti-rabbit IgG (1:200, Invitrogen) secondary 

antibodies in MAB-D-T. After several MAB-D-T washes and Hoescht 33342 staining of cell 

nuclei (1:5000), embryos were imaged.

For local heat shock experiments, tissues were fixed 10 hours after the experiments at 4°C 

with 4% PFA overnight and dehydrated with methanol. Following rehydration, tissues were 

membrane permeabilized with 2% PBS-T (phosphate buffer saline and 2% Triton X-100 

detergent) for 1 hour and blocked with normal sheep serum in PBS-Tw-B (PBS, 0.1% 

Tween-20 detergent and 2% bovine serum albumin) for 2 hours at room temperature. Tissues 

were then incubated with polyclonal rabbit antibody against GFP (1:100, ThermoFisher) in 

PBS-Tw-B at 4°C overnight, washed with PBS-Tw and incubated 4 hours in secondary 

Alexa Fluor 594 goat anti-rabbit IgG (H+L) (1:200, Invitrogen) antibody and Hoescht33342 

(1:4000) in PBS-Tw-B. After several PBS-Tw washes, tissues were imaged.

For transplantation experiments, embryos were fixed 6–8 hours after the 50 minutes heat 

shock. Monoclonal chicken anti-GFP (Abcam, 13970, 1:400), mouse anti-pp-ERK (1:1000) 

and rabbit anti-Fibronectin (Sigma, F3648, 1:200) antibodies were used as primary. Alexa 

fluorophore conjugated secondary antibodies (488, 568 and 647 respectively for each 

species, 1:200) were used in combination of Hoescht 33342 (1:5000) nuclear staining at 

room temperature. Images from host embryos were analyzed subsequently whereas donor 

embryos were kept as control for efficiency of heat shock and immunostaining.

Counting Predetermined Somites—20–30 embryos were picked for every other somite 

stage, from 2 somite stage up to 28 somite stage, to quantify number of predetermined 

somites through somitogenesis. Embryos were treated with SU5402, FGFR inhibitor drug, 

making FGF gradient shallower and resulting determination of larger somites. The drug was 
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washed out after 50 minutes and embryos were raised till the end of somitogenesis (30 hpf) 

before being fixed for visualizing somite boundaries with xirp2 in situ hybridization.

As anterior PSM cells were already predetermined to segment into somites, a fixed number 

of somites segmented with normal sizes (predetermined somites) prior to formation of larger 

somites due to the immediate effect of drug on FGF gradient. We calculated the number of 

predetermined somites at each stage of somitogenesis by subtracting the somite number at 

the beginning of drug treatment from the number of first large somite formed due to drug 

treatment (Figure S1G).

QUANTIFICATION AND STATISTICAL ANALYSIS

Signaling Network Model—The posterior signaling network (FGF or Wnt) is built 

consisting of the following network elements: Ligand mRNA (mLIG), Diffusible Ligand 

Protein (LIG), Ligand-Receptor-Complex (COMP), inactive signal protein (SIG-), active 

signal protein (SIG+), and inhibitor protein (INH), as depicted in Figure 3A. We assumed 

sufficient levels of receptors were present in the system for ligand binding. Using synthesis 

(transcription for mRNA or translation for protein), degradation, ligand-receptor binding, 

signal activation, and signal deactivation steps, the rates of change of the concentration of 

network elements for the kth cell in the PSM at any given time t are given with the following 

rate equations:

∂ mLIGk
∂t = kmLIG

syn − mLIGk × kmLIG
deg

∂(LIGk)
∂t = (mLIGk)

t − trlatedel
× kLIG

syn − LIGk × kLIG
deg − (LIGk)

t − actdel
× kLIG

bin + D × ∂2(LIGk)
∂x2

∂ COMPk
∂t = LIGk t − actdel

× kLIG
bin − COMPk × kCOMP

deg

∂ SIGk
−

∂t = kSIG
syn + SIGk

+ × INHk × kSIG
deact − SIGk

− × COMPk × kSIG
act − SIGk

− × kSIG
deg

∂ SIGk
+

∂t = SIGk
− × COMPk × kSIG

act − SIGk
+ × INHk × kSIG

deact − SIGk
+ × kSIG

deg

∂ INHk
∂t = SIGk

+
t − reprdel

× kINH
syn − INHk × kINH

deg
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Here we introduced time delays for three cellular processes: trlatedel for translation of LIG, 

actdel for activation cascade downstream of COMP, and reprdel for transcriptional 

activation, transcription, and translation of INH. We defined four synthesis (transcription of 

mLIG, kmLIG
syn ; translation of LIG, kLIG

syn ; transcription and translation of SIG, kSIG
syn ; translation 

of INH, kINH
syn  and five degradation (degradation of mLIG, kmLIG

deg ; degradation of LIG, kLIG
deg ; 

degradation of COMP, kCOMP
deg ; degradation of SIG, kSIG

deg ; degradation of INH, kINH
deg ) rates for 

dynamic equations. These twelve rate parameters of the system are set constant to 

biologically relevant values (Table S1) so that the shape of the mRNA gradient is 

approximated to in situ hybridization pictures available. We assumed diffusion of ligands 

obeys Fick’s Law, i.e. one-dimensional diffusion speed (D) is constant throughout the PSM 

independent of concentrations. kLIG
bin  stands for receptor-ligand binding rate. kSIG

act  and kSIG
deact

are signal protein activation and deactivation rates respectively. These four parameters are 

kept as variable knobs in the simulations.

Simulations—We performed discrete time evolution solutions for these equations at a 

simulation area represented with one-dimensional matrix of posteroanterior 85 cells. Only 

posteriormost 15 cells were allowed to transcribe ligand mRNA (mLIG) throughout the 

simulations, with kmLIG
syn  rate (first equation). The model is simulated for 31 segmentation 

cycles in total: (1)We first simulated formation of steady posterior gradient for 14 

segmentation cycles in normal elongation conditions. To represent normal posterior 

elongation of the PSM we added a new cell to the tail bud after every one fifth of 

segmentation cycle starting with same matrix values of its anterior neighbor. We kept the 

simulation area unchanged by deleting the anteriormost cell as a new posterior cell is added 

to the system. (2) We next simulated non-elongating condition (no addition of new cells 

from the posterior end) for 17 additional segmentation cycles.

Out of 16 reaction parameters, we varied the ligand diffusion speed (D), ligand receptor 

binding rate kLIG
bin , and SIG activation kSIG

act  and deactivation kSIG
deact  rates over parameter 

windows of 10 equally spaced values (10,000 parameter sets). Parameter windows are 

determined to allow a variety of gradient shapes in normal elongation simulations from very 

steep to very shallow, i.e. leg of the slope sweeping more than half of the PSM cells. The 

ligand diffusion speed (D) is set to zero for the no-diffusion model (Figure 3B).

One segmentation cycle was set as 70 simulation time steps and the equations were evolved 

in 100 iterations for recording FGF network elements matrix columns corresponding to 

every simulation time step. Concentrations of six elements of the network (mLIG, LIG, 

COMP, SIG−, SIG+, INH) are calculated for each time step and logged in 2-D matrices of 

85(L)×2170(T) dimensions. All matrices started from zero at t=0. Diffusion was allowed 

only anteriorly from the posteriormost cell (no-flux boundary condition) and there was no 

diffusion posteriorly from the anteriormost boundary cell (perfectly absorbing boundary 

condition). We can rewrite the diffusion term in the second equation for 1D discrete matrix 

taking into consideration these boundary conditions as:
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∂2 LIGk

∂x2 =

LIGk = 2 − LIGk = 1
Δx2 k = 1

LIGk + 1 + LIGk − 1 − 2LIGk

Δx2 1 < K < 85

0 k = 85

SIG+ matrices were interpolated linearly to micron scale by giving 8 μm size to every cell 

(i.e. five cells corresponding to regular somite size, 40 μm) before calculating the 

determination front readouts as described in the following section.

The sizes of newly determined somites were calculated as the positional shift of the 

determination front during each clock cycle. Simulated scaling data were then plotted as 

sizes of somites vs. sizes of PSM at segmental determination, calculating the PSM size at 

segmental determination by adding sizes of predetermined somites to the determination front 

position.

Tail bud dissection experiments were simulated as the removal of posterior-most 15 cells 

from the simulation window after formation of a steady gradient. We assigned a decreased 

kSIG
act  rate after the FGFR inhibitor drug, SU5402, treatment. We assigned a decreased kSIG

deact

rate after the DUSP1/6 inhibitor drug, BCI, treatment. When whole embryos were treated 

with low SU5402 concentration (2 μM) continuously, the peak in somite size was reached 

after two segmentation cycles (Figure 6E). Hence, we assumed the drug acting slowly by 

gradually decreasing kSIG
act  rate over a period of two clock cycles.

For whole embryo elongation simulations: we measured the tail bud displacement by adding 

the displacement of somite boundary (size of the last formed somite) to the change of the 

PSM size (Figure S1E). As the number of predetermined somites decrease during 

somitogenesis from five to one (Figure S1G), after tail bud stage, the determination front 

specifies sizes of 25 somites in 25 clock cycles while 30 somites form. Hence, we resampled 

average elongation speeds for every segmentation cycle from tail bud displacement data 

(Figure S1F); this information was used as input in simulations.

For mosaic heat shock simulations, same parameter set used in scaling explant simulations 

was used and the heat shock is applied to 20th, 21st and 22nd cells from posterior in a 75 cell-

length PSM. Effect of the heat shock is simulated as drop of ERK phosphorylation rate for 

14 simulation time steps within the segmentation cycle #0. The position of the determination 

front was between 30th and 31st cell at the beginning of cycle #0. Cells determined to group 

into a somite at the end of each cycle (Figure 7F) for 6 cycles (T-2 to T+3) as the PSM was 

allowed to grow posteriorly with constant speed (5 cells/segmentation cycle) are indicated.

The simulation codes have been implemented in MATLAB 2015b and 2016a. The current 

version of our code can perform a 31 segmentation cycle simulation of 85 PSM cells in less 

than 1 minute (on Windows10, with 2.30 GHz Intel Core i5 and 8 GB of RAM).

Fethullah Simsek and Özbudak Page 21

Cell Rep. Author manuscript; available in PMC 2018 July 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Determination Front Readouts from Simulations—Determination front was initiated 

from the experimentally determined position at a specific somite stage. For regression of the 

determination front, readout (R) matrices were calculated from the SIG+ matrix, per 

descriptions in Figure 3C, as follows:

i-) For “constant threshold” determination front was shifted at the end of every 

clock cycle to read the same threshold value as fixed at t=0:

SIG+
t
d f 1 = R = SIG+

t − T
d f 0

where R is the readout at the determination front, T is the segmentation period, 

df1 and df0 are the positions of determination front at that moment (f) and one 

cycle earlier respectively.

ii-) For “temporal integration” the value of SIG+ matrix columns over one clock 

cycle (70 simulation time steps) were summed for each positional row and the 

position of determination front was set at the end of every clock cycle to read the 

same sum value as at the initial position at t=0:

∑
t − T

t
SIG+

d f 0
= R = ∑

t − 2T

t − T
SIG+

d f 0

iii-) For “time derivative” the value of SIG+ matrix element at any given moment 

was subtracted by the value read 10 simulation time steps (t0) earlier and then 

normalized by the original value in any given positional row. Determination 

front regressed to its new position at the end of every clock cycle to read the 

same readout matrix value:

SIG+
t − t0

d f 1 − SIG+
t
d f 1

SIG+
t
d f 1

= R =
SIG+

t − T − t0

d f 0 − SIG+
t − T
d f 0

SIG+
t − T
d f 0

iv-) For “spatial derivative” the difference between the SIG+ matrix values read at 

the determination front position at t=0 and at the last segment’s anterior border 

(40 μm away) was calculated for t=0. At the end of every clock cycle, the place 

giving same differential reading with previous determination front position was 

then defined as the new position of determination front:

SIG+
t
d f 1 − SIG+

t
d f 0

d f 1 − d f 0
= R =

SIG+
t − T
d f 0 − SIG+

t − T
d f −1

d f 0 − d f −1
.

v-) For “spatial fold change” the fractional difference between the SIG+ matrix 

reading of every positional row and its posterior neighbor cell (8 μm away) was 
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calculated as the readout matrix. We summed the SIG+ matrix elements over 8 

μm windows (D) centered on the position of interest as one cell data. The 

determination front then regressed to its new position at the end of every clock 

cycle to maintain the constant readout:

∑d f 1 + D/2
d f 1 + 3D/2

SIG+
t −∑d f 1 − D/2

d f 1 + D/2
SIG+

t

∑d f 1 − D/2
d f 1 + D/2

SIG+
t

= R

=
∑d f 0 + D/2

d f 0 + 3D/2
SIG+

t − T −∑d f 0 − D/2
d f 0 + D/2

SIG+
t − T

∑d f 0 − D/2
d f 0 + D/2

SIG+
t − T

.

Calculation of PSM Size at Segmental Determination—The PSM size at segmental 

determination of the kth somite (sdPSMk) in the non-elongating explants was calculated by 

adding the sizes of predetermined somites (S) at segmental determination of the kth somite 

to the size of the PSM when kth somite is forming as:

sdPSMk = PSMk + ∑
j = k − npds

k − 1
S j

where npds is the number of predetermined somites (Figure S2A).

The PSM size at segmental determination of the kth somite in intact zebrafish embryos was 

equal to the size of the PSM (Figure S2) when the kth somite was predetermined:

sdPSMk = PSMk − npds

For chicken and mouse, we used the anterior limit of Mesogenin expression domain 

(MSGN) as a proxy for the determination front position (Gomez et al., 2008). Therefore, the 

PSM size at segmental determination of the kth somite in the chicken and mouse embryos 

was calculated as:

sdPSMk = PSMk′

Image Analysis

3D Cell Counting Experiments: Dorsal and ventral z-stacks of 3D cell counting data were 

matched post-acquisition by tracing the constellating bright nuclei and overlapping after 

upside-down image reflection in Fiji.

Non-PSM (the notochord, adaxial and skin) tissues were trimmed out, contrast and 

brightness of 16-bit grayscale images were corrected, subtract background, despeckle and 
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ROF denoise functions were used in Fiji to optimize the image. Images were reconstructed 

using the gray morphology tool and the find maxima tool was used to count the cell nuclei.

We excluded data from the curved tail bud region of the PSM (Ltailbud = 110 ± 10 μm and 

Ntailbud = 980 ± 30 cells) for conversions between 3D cell counting and 1D length 

measurement plots (Figure 1F). Remaining volume of the PSM was modeled as a bilateral 

prism with equal lengths, LPSM − Ltailbud, and cross section areas, A. The somites were 

shaped as closed quadric volumes, with principal cross section area A and orthogonal 

(anteroposterior) diameter LS. Hence, the volumes of tail bud-excluded PSM and somite 

were respectively calculated as:

NPSM − Ntailbud Vcell
φsc

= 2A LPSM − Ltailbud

and

Ns Vcell
φ f cc

= 2
3 ALs

where Vcell is the average volume of a single cell. Here we assumed a simple cubic 

arrangement for the PSM (φsc ≈ 0.52) and a face-centered cubic arrangement for the somites 

(φfcc ≈ 0.74). Dividing these two formulae side by side:

3φsc
φ f cc

Ns
NPSM − Ntailbud

=
Ls

LPSM − Ltailbud

gave us a correction coefficient from 3D to 1D scaling plots as 3φsc/φfcc ≈ 2.108.

Quantification of Immunohistochemistry Data: ppERK and β-cateninnuclear staining 

intensity were measured in Fiji in rectangular ROIs centered in the PSM abstaining from the 

signal coming outside of PSM, i.e. skin, adaxial and notochord cells. Curved PSM images 

from late somite stages were straightened using warp tool of Adobe Photoshop CC 2015.5 

without altering the surface area of images before plotting rectangular intensity profiles in 

Fiji. For nuclear localized signal, Hoescht 33342 staining of cell nuclei were used to create 

an image mask for data. Average intensity profiles per cell nuclei through PSM axis were 

than calculated by dividing the masked image profile by the profile of binary mask itself. 

Intensity profiles from each embryo were normalized between minimum and maximum 

PSM signals, and overlaid by matching anterior ends of the PSM. Normalized intensity plots 

were averaged out between all embryos at each stage / condition and smoothed with 

GraphPad Prism 7 software using sixth order polynomial and data from hundred neighboring 

pixels. The percentage of signal output (ppERK and β-cateninnuclear) intensity difference 

between neighboring cells, for spatial fold change model, was calculated by using a cell size 

of 6.8 mm (average distance measured between neighboring PSM cell nuclei at Fiji by 

analyzing nuclear localized fluorescence signal). The slope of signal output, for spatial 
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derivative model, was calculated using known sizes of the last predetermined somite for 

each stage (Figure S1). All readout calculations from immunohistochemistry used the same 

formulae used for simulations. Data from different stages / conditions is presented as 

posterior ends of the PSM (tail bud) overlaid except Figures S5D and S5E. In Figures S5D 

and S5E data is overlaid from anterior (formed somites) to indicate stepwise regression of 

the ppERK profile between consecutive somites.

Quantification of Transplantation Data: Transplantation images from confocal 

microscopy were analyzed in Imaris 9.0.1 software. Nuclear staining was used to identify 

surfaces for each cell. Median intensity values above a certain threshold from green and red 

channels were used to identify GFP+ cells and ppERK expressing posterior PSM surfaces, 

respectively. Nearest neighbor calculations for cells were performed applying distance 

formula (d<10 μm) to 3D position data of identified surfaces. Fibronectin images were used 

to draw borders of precocious somites formed due to transgenic cells in the PSM.

Statistical Analysis—Experimental scaling data were averaged out for every new somite 

forming, after the predetermined ones, and plotted with their standard deviations. All n 

numbers indicate the number of embryos and/or PSM tissue explants. Mean and error (s.d., 

s.e.m. and/ or confidence interval as indicated) calculations of data are done in GraphPad 

Prism software.

Simulation scaling trends for different parameter sets were compared with experimental data 

in logarithmic scale with ANCOVA (built-in aoctool function in MATLAB). Both the slope 

and y-intercept of linear fits in log-log scale were required to pass a significance threshold of 

α < 0.2 with built-in multcomp statistical comparison function for a successful parameter 

set.

For all statistical significance results in between intensity quantifications from 

immunostaining data and consecutive calculations, we used non-parametric Student’s t test 

(without Gaussian distribution assumptions), with Kolmogorov-Smirnov method.

DATA AND SOFTWARE AVAILABILITY

The collection of MATLAB scripts used to run the simulations and fit the experimental data 

with simulations are available online (https://github.com/mfsimsek/scalingpaper).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• A 3D explant system is used to study mechanisms underlying somite 

segmentation

• Spatial fold change in FGF signal encodes positional information for pattern 

formation

• Neighboring cells compare their FGF signal strengths to position segment 

boundary

• Wnt signaling acts permissively and hierarchically upstream of FGF signaling
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Figure 1. Somitogenesis and Segment Size Scaling
(A-C) Current models explaining how segment sizes are determined: the classical “clock and 

wavefront” model (A), the “opposing gradients” model (B), and the Turing-type model (C).

(D) Zebrafish embryos (top, lateral view) were cut through red line, and the explants 

(bottom, dorsal view) were cultured.

(E) A tissue explant (from an 8 somite stage embryo) formed the 3 predetermined somites 

(yellow dashed lines) followed by 9 progressively smaller somites (white dashed lines) 

under non-elongation culture over 8 hr. A nuclear-localized GFP marker, in green, was used 

to count cell numbers. Scale bars, 250 μm.

(F) Somite sizes display the same scaling trend (analysis of covariance [ANCOVA]: F(4,91) 

= 0.59, p = 0.62) with the PSM sizes in explants started at different stages (n = 6, 7, 7, and 4 

for 6, 8,10, and 12 somite stages, respectively).
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(G) The size of tail somites scales with the size of PSM at segmental determination in whole 

zebra fish embryos (orange, n = 5; reanalyzed from Gomez et al., 2008). Length 

measurement in 1D(black, n = 9) and cell counts in 3D (gray, n = 7). Cell counts in 3D 

(insert) are converted to 1D length measurements by geometry of the tissue (STAR 

Methods).

Data are presented with error bars representing the SDs and linear fit of data in logarithmic 

scale with 95% confidence bands. Posterior is left. See also Figures S1 and S2.
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Figure 2. Posterior Morphogen Gradients Provide Positional Information for Segmental 
Determination
(A-C) Preparing different explants (A, PSM with last formed somites; B, PSM only; and C, 

posterior half of PSM) alters the effect of anterior RA and/or hypothetical Turing repressor 

sources.

(D) Afull PSM (left) and a half PSM explant (middle) from 10 somite stage embryos formed 

similarsized somites at similar PSM coordinates. Images at the beginning of and 4 hr in the 

explant culture are shown. The predetermined somites, complementary to the half PSM 

explant, are shown in the right panel. Bright large nuclei flanking lateral to the PSM tissue 

belong to skin cells.

(E) Full axis (circle), full PSM (square), and half PSM (triangle) explants displayed the 

same scaling trends (ANCOVA: F(3,201) = 1.2402, p = 0.3).
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(F) A full axis explant from a 10 somite stage embryo was continuously treated with 

BMS493. Images at the beginning of and 6 hr in the explant culture are shown. The size of 

the first smaller somite scaling with size of the PSM is marked between red arrows.

(G) Explants treated with BMS493 (diamond, n = 9) or DMSO only (cross, n = 5) displayed 

the same scaling trends with untreated full axis explants (circle) (ANCOVA: F(3,163) = 

0.1340, p = 0.9). Error bars indicate SD.

(H) The tail bud is removed to investigate the role of diffusion of posterior gradient ligands 

in scaling trend.

(I) Scaling trends differed between tailbud removed (hollow circle, n = 14) and control data 

(full axis, filled circle, n = 9).

Posterior is left. See also Figures S1, S3, and S6.
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Figure 3. Scaling Phenomena Is Explained In Silico by the SFC of Cell Signaling
(A) Core posterior signaling network. Only posterior cells transcribe ligand mRNA. 

Diffusing ligands (green) bind to receptors (red). Formed complex activates the cascade of 

signal output protein (blue). Activated signal protein (ppERK or nuclear β-catenin) triggers 

synthesis of its own inhibitor (black). Inhibitor protein in turn deactivates the signal protein.

(B) Constant-threshold model both with (orange) and without ligand diffusion (black 

squares) failed to reproduce the scaling trend (black solid line for the logarithmic scale linear 

fit to pooled data from different stages and dotted line for 95% confidence intervals).

(c) Alternative readout models for encoding positional information. Following the arrest of 

axial elongation (right),determination front on white cell (star shaped) shifts gradually in 

two clock cycles (from right to left) and falls on the red and black cells (star shaped) 

consecutively, while both the PSM and the morphogen gradient (cyan) shrink posteriorly.
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(D) Positional information encoding by the SFC (purple), but not the temporal integration 

(red) nor the derivatives in time (green) and space (blue) of signal recapitulates the scaling 

trend (black). Posterior is left.See also Figure S3.
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Figure 4. Fold Change of FGF Signaling Is Conserved at the Determination Front
(A) Staining of ppERK (green), β-catenin (red), and Hoechst 33642 (white, used as nuclear 

mask) at a single z section in the PSM of a 14 somite stage embryo. Nuclear staining of 

ppERK (green) and β-catenin (red) are shown on the right column.

(B).Embryo-to-embryo variability of signal gradients are significant (left column), whereas 

normalized gradients (right column) provide a robust signal indicating a fold-change readout 

mechanism. Raw data (gray lines) are smoothened (black dashed lines).
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(C) Normalized levels of ppERK (n = 17, 9, 14, and 13 for 1–4, 18, 22, and 26 somite 

stages) quantified as FGF signaling output. Posterior end of the PSM are matched for all 

stages. Determined-undetermined PSM borders are marked by dashed vertical lines with 

stage matching colors, respectively. Shaded regions represent SEM of data.

(D) FGF signal gradient for different stages scales with the size of the tissue between 

posterior tip of notochord and anterior end of the PSM indicating a source and sink 

mechanism. Readouts of FGF signal outputs according to constant threshold, derivative in 

space, and SFC between neighboring cells. At the determination front (vertical dashed lines 

in left panels), the SFC of ppERK reads out precisely the same level (22% ± 2%) at different 

stage embryos.

(E) Normalized levels of nuclear β-catenin (n = 14, 12, 11, and 11 for 14, 18, 22, and 26 

somite stages) quantified as Wnt signaling output. Determined undetermined PSM borders 

for Wnt signaling are marked by dashed vertical lines with stage matching colors, 

respectively.

(F) Similar to ppERK gradient, nuclear β-catenin gradient scales with the tissue size for 

different stages. Readouts of Wnt signal outputs according to constant threshold, derivative 

in space, and SFC between neighboring cells.

Error bars represent SEM. Posterior is left. See also Figures S1, S2, and S4.
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Figure 5. Wnt Signaling Acts Permissively Upstream of FGF Signaling for Segmental 
Determination
(A) Levels of ppERK (top) and nuclear ß-catenin (bottom) following 50 min heat shock 

perturbation of FGF signaling (green) in comparison with control data for the same stage 

(black).

(B) Levels of ppERK following 50 min heat shock perturbation of Wnt signaling (blue) in 

comparison with control data for the same stages (black) over a time course of 2 hr.

(C) Change of somite sizes following the heat shock inhibition of Wnt signaling from 12 to 

14 somite stages.

(D) Wnt signaling acts upstream of FGF in segment sizes as a permissive cue in the 

posterior PSM.

(E) SFC of FGF signaling shifts 2 hr after heat shock posteriorly due to the inhibition of Wnt 

signaling.
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(F) Shift of SFC readout of FGF signaling (δ) matches with the increase of somite size due 

to Wnt inhibition (C).

Error bars indicate SEM. Posterior is left. See also Figures S1, S4, and S5.
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Figure 6. Predictions of the SFC Model Are Validated by Quantitative Experiments in Both 
Explants and Embryos
(A-C) The SFC, but not the CT, model of FGF signaling successfully predicted changes in 

scaling trends after tail bud removal (A; n = 14; DMSO only, n = 9), after 10 μM SU5402 

treatment (B; n = 6; DMSO only, n = 6), and after 2 μM BCI treatment (C; n = 5; DMSO 

only, n = 6) in explants.

(D) Transmission light images of 18 somite stage embryos under continuous 2 μM SU5402 

drug treatment showing multiple large somites beginning with the 14th somite.

(E) Change of somite sizes through midsomitogenesis following continuous treatment with 

SU5402 (green, n = 6; DMSO only, black, n = 5) starting at the 10 somite stage.

(F and G) The SFC model predicts multiple large somites after somite size peaks at 16th 

somite stage (G). The constant threshold model could not reproduce this result (F).

Experimental scaling data are shown in solid data points. Simulations, shown in hollow 

markers with matching colors, recapitulated all data using same parameter set. Posterior is 

left. See also Figures S1, S3, S6, and S7.
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Figure 7. Mosaic Inhibition of FGF Signaling in the PSM of Whole Embryos Results in 
Formation of Precocious Somites Involving Wild-Type Cells
(A) Sketch of transplantation experiment. Cells responsive to heat shock (red) are 

transplanted from donor embryo to wild-type host embryo (black) in mid-blastula stage, 

targeting a specific region.

(B) Nuclear (blue) and fibronectin (white) staining of host embryo tail fixed 4 hr after heat 

shock. Scale bar, 100 μm.

(C) Immunostaining shows GFP+ transgenic cells affected from heat shock (green) and 

ppERK expression as FGF signaling output in the posterior PSM (red).

(D) Zoomed confocal z section image from the tail bud (posterior end of ppERK expression 

domain). FGF signaling dropped in GFP+ cells (arrows), whereas their wild-type neighbors 

were not affected. Scale bar, 20 μm.
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(E) Quantification of median ppERK intensity of GFP+ cells (n = 378, green) located in the 

posterior ppERK domain ofembryos (n = 32) in comparison with theirfirst-neighbor wild-

type (orange) and the rest of the cells (red).

(F) In simulations, cells are bracketed in groups as they are determined to form a somite at 

the end of each segmentation cycle. Heat shock is applied within the 0th cycle to only three 

PSM cells (20–22, red). All readout models predict determination of a precocious somite 

cell autonomously at the end of 0th cycle (red). Diverging from others, the SFC model 

predicts neighboring cells to join the precocious somite due to neighbor comparison 

(bottom).

(G) Fibronectin (white) and nuclear (blue) staining showing formation of large and irregular 

somites following heat shock. Scale bar, 100 μm.

(H) GFP+ cells located posterior to the determination front during heat shock trigger 

formation of these somites.

(I) Cells within these somites were identified and color-coded with Imaris software by 

tracing fibronectin deposition at the boundaries.

(J) Zoomed image from (G)-(I) shows spatial organization of cell nuclei at the boundaries of 

anterior-most precocious somite.

(K) GFP+ cells are surrounded by a layer of wild-type cells in the precocious somite 

(arrows).

(L) Overlay of (J) and (K). Scale bar, 40 μm.

(M) Overlay of (K) with fibronectin staining (white).

(N) Cells in precocious somites from different embryos (n = 10) were classified as GFP+ 

cells (green), theirwild-type first neighbors (orange), and wild-type cells that are not 

neighboring transgenic cells. A significant wild-type neighbor contribution was observed in 

precocious somites (>30%). More than 90% of cells forming precocious somites were either 

transgenic or their first neighbors.

See also Figure S8.
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