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Despite often substantial variability in size, embryos faithfully 
generate the correct tissue proportions1–5. During develop-
ment, tissue patterning is achieved by gradients of signalling 

proteins that induce distinct differentiation programmes in discrete 
spatial domains6–10. To adjust tissue patterning and organ propor-
tions to their body size, embryos need to appropriately scale the 
underlying signalling gradients11. Scaling mechanisms for individ-
ual tissue-specific signalling systems at different stages of develop-
ment have been proposed, but how these mechanisms are integrated 
and coordinated during development to generate the correct pro-
portions of all tissues is currently unclear11–21. Here, we analysed 
how signalling gradients adjust tissue proportions in differently 
sized zebrafish embryos and identified a size-dependent mecha-
nism that mediates scale-invariant germ-layer patterning to provide 
the correct amount of progenitor cells for all future tissues.

Results
Scaling of tissue proportions in differently sized zebrafish 
embryos. We found that the removal of ~30% of cells by extirpation 
from the animal pole before gastrulation (Fig. 1a) generates zebraf-
ish embryos that become normally patterned adults. Extirpated 
embryos developed into smaller individuals with the same number  
of proportionally thinner somites as untreated embryos (Fig. 1a).  
Consistently, the size of various organs, including the hatch-
ing gland (a mesodermal derivative, hgg1 positive) and the eye  
(an ectodermal derivative, vsx2 positive), was reduced in individu-
als developing from extirpated embryos (Fig. 1b). Strikingly, scal-
ing of tissue proportions to embryo size already occurred during 
the gastrulation stages within 2 hours following extirpation. Using 
in situ hybridization, we quantified the extent of the presumptive 
ectoderm (sox3 positive; Fig. 1c) and mesendoderm (fascin posi-
tive; Fig. 1d) and found that the germ-layer proportions adjusted 
progressively after extirpation: at 1-hour post-extirpation (1 hpe), 
extirpated embryos had excess mesendoderm and insufficient  
ectodermal progenitors as cells were removed from the animal pole 

containing presumptive ectoderm (Fig. 1c,d). Interestingly, 1 hour 
later (2 hpe), the ectoderm and mesendoderm proportions had 
adjusted in extirpated embryos (Fig. 1c,d). Using in toto light-sheet 
imaging, we confirmed that the mesendoderm scaled throughout 
the embryonic marginal zone (Fig. 1e–g). Even though cells were 
removed from the animal pole, the number of endodermal pre-
cursor cells (sox17 and sox32 positive) at the opposite side within 
the marginal zone of extirpated embryos was also proportionally 
reduced by the gastrulation stages (Fig. 1h).

Smaller embryos do not adjust developmental speed after extir-
pation. The cell density did not change (Fig. 2a) and the proliferation 
rates did not increase in extirpated embryos (Fig. 2b,c), indicating 
that neither changes in cell density nor compensatory proliferation 
underlie germ-layer scaling. Moreover, the spatial expression kinet-
ics of goosecoid22—a highly sensitive indicator of developmental 
progression—were similar in untreated and extirpated embryos at 
different developmental time points (Supplementary Fig. 1). Even 
though smaller embryos displayed a reduced apparent epiboly due 
to the shortened blastoderm but unchanged yolk extent after extir-
pation, the spreading of the blastoderm during epiboly occurred at 
a similar pace (Fig. 2d–i). Thus, scaling can also not be explained by 
altered developmental speed in differently sized embryos.

Nodal signalling scales in smaller embryos. As the Nodal–Lefty 
activator–inhibitor system patterns the germ layers during early 
development10,23, we hypothesized that Nodal signalling adjusts in 
smaller embryos to allow proportionate patterning. The activator 
Nodal is secreted from the marginal zone of the embryo and induces 
the endoderm and mesoderm, whereas the highly diffusive Nodal 
inhibitor Lefty24, which is also expressed at the margin and induced 
by Nodal signalling, limits the mesendodermal domain23,25–34. To test 
whether Nodal signalling adjusts in smaller embryos, we measured 
the extent of Nodal activity by assessing the phosphorylation of the 
Nodal signal transducer Smad2/3 (pSmad2/3)23,35,36 (Fig. 3a–d and 
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Supplementary Fig. 2a,b). Similar to the mesendodermal domain 
(Fig. 1e,f), Nodal signalling scaled throughout the embryonic  
marginal zone by 2 hpe (Fig. 3b,c). Interestingly, Nodal signalling 
had already scaled by 1 hpe (Fig. 3a and Supplementary Fig. 2a,b), 
preceding the scaling of the presumptive ectoderm/mesendoderm 

(Fig. 1c,d) and the feedback-induced Nodals (cyclops and squint) 
and Leftys (lefty1 (lft1) and lefty2 (lft2)) (Fig. 3e–i).

A computational screen to identify scaling mechanisms. To identify 
the mechanism by which Nodal signalling might sense embryo size 
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Fig. 1 | Scaling in smaller embryos after extirpation. a, Schematic of embryo extirpation (lateral views); hpf, hours post-fertilization. The total length of 
extirpated embryos at 1-day post-fertilization is smaller than untreated individuals (n of untreated =  40, n of extirpated =  37; ***P <  0.00001), whereas 
the yolk size remains unchanged (n of untreated =  23, n of extirpated =  24; P >  0.05) (bottom left). The length of the 24 posterior-most somites is 
proportionately smaller in extirpated embryos (bottom right, n of untreated =  15, n of extirpated =  13; *P <  0.05). The error bars in the ‘Somite length’ 
graph are the s.e.m. b, Maximum intensity projections of confocal FISH stacks (top) and the quantification of hgg1-positive cells (n of untreated =  9, n of 
extirpated =  11; *P <  0.05) and vsx2-positive cells (n of untreated =  13, n of extirpated =  11; **P <  0.01) (bottom). c,d, Maximum intensity projections of 
lateral confocal FISH stacks (top) and the quantification of the relative and absolute length of sox3 (ectoderm; c) and fascin (mesendoderm; d) domains 
(bottom). The ectoderm proportions are smaller at 1 hpe (n of untreated =  14, n of extirpated =  14; ***P <  0.001) but scale by 2 hpe (n of untreated =  28, n 
of extirpated =  28; P >  0.05). Similarly, the mesendoderm proportions are too large at 1 hpe (n of untreated =  23, n of extirpated =  31; **P <  0.01) but scale 
by 2 hpe (n of untreated =  24, n of extirpated =  37; P >  0.05). e–g, 2D maps of 3D-reconstructed embryos imaged by light-sheet microscopy (e) and the 
quantification (f,g) of normalized fascin domains along the vegetal–animal axis show scaling (n of untreated =  9, n of extirpated =  9). The shaded regions in 
f and g are the s.e.m. h, Lateral views and the quantification of the number of endodermal cells positive for sox17 (n of untreated =  30, n of extirpated =  27; 
*P <  0.05) or sox32 (n of untreated =  26, n of extirpated =  28; **P <  0.01). The box plots show the median (blue line), the mean (black (untreated) and 
grey (extirpated) lines inside the box), the 25% and 75% quantiles (box) and all included data points (red markers). Whiskers extend to the smallest data 
point within the 1.5 interquartile range of the lower quartile and to the largest data point within the 1.5 interquartile range of the upper quartile. Two-sided 
Student’s t-tests were performed (α =  0.05). See Supplementary Table 1 for statistics source data. Scale bars, 200 µ m.
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and adjust tissue proportions, we performed a computational screen 
that included known positive and negative interactions in the Nodal–
Lefty system23,33,34 while keeping model complexity to a minimum  
(Fig. 4a,b and Supplementary Note 1). We constrained the screen with 
the measured biophysical properties, including Nodal/Lefty diffu-
sivities and half-lives33, and systematically varied the unknown para-
meters to identify systems that recapitulate the scaling observed during 
germ-layer patterning. To keep model complexity to a minimum,  
we did not account for spatial biases influencing the Nodal–Lefty  
system37 and did not explicitly model receptor interactions38.

We screened more than 400,000 parameter combinations rep-
resenting the production of Lefty, the inhibition strength and 
the Nodal-mediated feedback on Nodal and Lefty production. 
By assessing the overlap between Nodal signalling in simulations 

of normally sized and shortened embryos, we found that systems 
that are capable of scaling require precise levels of highly diffu-
sive Lefty, whose concentration increases in extirpated embryos to 
adjust the Nodal signalling gradient (Fig. 4c–e). In such systems, 
the boundary located more proximal to the marginal zone in short-
ened compared to normally sized embryos affects the long-range 
Lefty but not the short-range Nodal gradient (Fig. 4c). As we short-
ened embryos before the onset of Lefty protein secretion without 
removing lft-expressing cells from the marginal zone (Fig. 3e–i), 
the same amount of Lefty should be produced in early extirpated 
and untreated embryos. Thus, the concentration of Lefty should 
increase in smaller embryos, contracting the Nodal activity range 
to re-establish the correct tissue dimensions relative to the new size 
of the embryo.
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Student’s t-tests were performed (α =  0.05). See Supplementary Table 1 for statistics source data.
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In our simulations of the Nodal–Lefty system (Supplementary 
Video 1), scale-invariant germ-layer patterning only became appar-
ent around 2 hpe, as observed experimentally (Fig. 1c,d). The  
simulations further closely matched the time window of germ- 
layer specification: Nodal signalling levels and mesendoderm  

specification expand as development proceeds, Nodal signalling  
levels peak around 2 hpe (6 hours post-fertilization (6 hpf)) and Nodal  
signalling rapidly decreases afterwards (Supplementary Video 1).  
Together, the experimental observations and computational  
simulations suggest that germ-layer scaling at 2 hpe results from 
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adjustments in mesendoderm expansion dynamics over time rather 
than from shrinking an initially too broadly specified mesendo-
dermal domain.

Scaling depends on Lefty levels. Our model predicted that scaling 
crucially depends on the levels of Lefty (Figs. 4d and 5a,b). To test 

this prediction, we assessed mesendoderm proportions in embryos 
with varying numbers of functional lft alleles (lft1 and lft2)36. As 
expected, both untreated and extirpated double-homozygous lft1–/–; 
lft2–/– mutants showed dramatically increased Nodal signalling  
and an expanded mesendoderm36 (Fig. 5c–g and Supplementary Fig.  
3a–c). By contrast, untreated and shortened double-heterozygous 

0

102 10–5

10–1

106

102

Lefty induction (σ
L)

Nod
al 

inh
ibi

tio
n(

λ)

Le
fty

 in
du

ct
io

n 
st

ee
pn

es
s(

κ L)

a

d

N L

b

Length (µm)
0 100 150 200 25050 300

0.2

0.4

0.6

0.8

1.0

0

N
or

m
al

iz
ed

 p
ro

te
in

 le
ve

ls

c

Mesendoderm Ectoderm

Untreated

Extirpated

Signalling threshold

Lefty

Nodal

Untreated

Embryo boundary 

Nodal  

Lefty Extirpated

Embryo boundary 

Nodal
diffusion

Nodal
clearance

Lefty-mediated
Nodal inhibition

Basal Nodal
production

Nodal
auto-activation

Lefty
diffusion

Lefty
clearance

Nodal-mediated 
Lefty activation

10

20

Le
fty

 d
iff

us
io

n 
D

L

Lefty induction σL

e

0 0.2 0.4 0.6 0.8 1.0

Scaling score η

0

5

15

25

100 101 10210–110–6 10–5 10–4 10–3 10–2

λN�N
�t

�L
�t

DN ∇
2N

DL∇2L 

µNN

µLL

L2

κNL + L2 ρNr (x, m) σN

σL

N 2

κN + N 2

N2

κL + N2

– – + +

–

=

= +
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coefficient DN, Nodal removal with the clearance rate constant μN, Lefty-mediated Nodal inhibition with the inhibition strength λ and the steepness 
parameter κNL, basal Nodal production described by the space (x)-dependent rectangular pulse function r(x,m) representing the length m of the Nodal 
source, and Nodal auto-activation with the rate constant σN and the steepness parameter κN. Similarly, the change in Lefty concentration over time is a 
function of Lefty diffusion with the diffusion coefficient DL, Lefty removal with the clearance rate constant μL, and Nodal-dependent Lefty induction with 
the rate constant σL and the steepness parameter κL. c, Example of a scale-invariant system identified by the screen, showing an increase in Lefty and 
dampening of Nodal signalling after extirpation. Simulations were fitted to the experimentally measured total length and mesendoderm extent (vertical 
red solid (untreated) and dashed (extirpated) lines). d, A parameter screen showing the influence of Lefty levels (σL), Nodal inhibition strength (λ) and 
Lefty induction steepness (κL) on scaling; the maximum projection through the six-dimensional parameter space is shown with the following discrete 
values: for σL: 0, 10–4, 10–3, 10–2, 11.12, 22.23, 33.34, 44.45, 55.56, 66.67, 77.78, 88.89 and 102; for λ: 10–5, 1.12 ×  10–2, 2.23 ×  10–2, 3.34 ×  10–2, 4.45 ×  10–2, 
5.56 ×  10–2, 6.67 ×  10–2, 7.78 ×  10–2, 8.89 ×  10–2 and 10–1; for κL: 102, 1.12 ×  105, 2.23 ×  105, 3.34 ×  105, 4.45 ×  105, 5.56 ×  105, 6.67 ×  105, 7.78 ×  105, 8.89 ×  105 
and 106. Parameter configurations that resulted in biologically unrealistic gradients were excluded. e, A parameter screen showing the influence of Lefty 
diffusivity on scaling; the maximum projection through the six-dimensional parameter space is shown. The model predicts that scaling should fail if Lefty 
induction (σL) or diffusion (DL) is too low (that is, less than ~7 µ m2 s–1).
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lft1+/–;lft2+/– embryos exhibited nearly normal Nodal signalling 
and mesendoderm and ectoderm proportions, indicating that one 
functional allele of each lft is sufficient for proper spatial Nodal  
signalling and scaling, possibly due to dosage adjustments that 
result in similar amounts of protein (Fig. 5c–h and Supplementary 
Fig. 3a–c). Normally sized and extirpated single-homozygous lft2–/–  
mutants had excess Nodal signalling and mesendoderm at the 
expense of the ectoderm (Fig. 5c–h and Supplementary Fig. 3a–c). 
By striking contrast, single-homozygous lft1–/– embryos displayed 
expanded Nodal signalling and mesendoderm and a reduced  
ectoderm only after extirpation (Fig. 5c–h and Supplementary Fig. 
3a–c). Interestingly, Lefty1 is less inhibitory than its paralogue Lefty2 
(Supplementary Fig. 3d,e); thus, although highly active Lefty2 is 
sufficient for germ-layer patterning in normally sized embryos, the 
correct levels of less-active Lefty1 are required for scale-invariant 
patterning in substantially smaller embryos. These experimental 
findings support the simulations of our size-dependent inhibi-
tion model (Figs. 4d and 5a,b), showing that a small reduction in 
Lefty production, which does not significantly affect mesendoderm  
formation, abrogates scaling.

Scaling depends on highly diffusive Lefty. The second predic-
tion of our model is that scaling depends on the high diffusivity 
of Lefty, which must reach the end of the patterning field (Figs. 4e 
and 6a,b). To test this prediction, we decreased Lefty diffusivity 
and determined the consequences on scaling. To obtain a pattern-
ing system in which the diffusion of Lefty1 can be experimentally 
manipulated, we first generated embryos in which the only source 
of Lefty was Lefty1-GFP (green fluorescent protein). We rescued 
lft1–/–;lft2–/– double mutants by injecting highly precise and physi-
ologically relevant amounts (see Methods for details) of lft1-GFP 
mRNA into the yolk syncytial layer (YSL) to mimic the secretion 
of endogenous Lefty from the marginal zone (Fig. 6c). Consistent 
with the high diffusivity of Lefty33,39, Lefty1-GFP reached the end of  
the patterning field within 60 minutes after YSL injection (Fig. 6d,e 
and Supplementary Video 2). A large proportion of lft1–/–;lft2–/– 
mutant embryos was rescued to adulthood with this method in nor-
mally sized (~70% fully or partially rescued) and extirpated (~60% 
fully or partially rescued) embryos (Fig. 6f–h and Supplementary 
Fig. 4a–d). Thus, Lefty1-GFP provided from the marginal zone is 
sufficient not only to pattern germ layers but also to allow scaling. 
Next, to hinder Lefty1-GFP diffusion, we used a ‘morphotrap’—an 
mCherry-labelled membrane-localized GFP-binding nanobody40. 
Co-injection of mRNA encoding the morphotrap and lft1-GFP 
mRNA into one-cell-stage embryos changed the localization of 
Lefty1-GFP from uniform extracellular to strongly membrane asso-
ciated (Supplementary Fig. 4e). Crucially, the diffusion coefficient 
(D) of Lefty1-GFP in embryos expressing the morphotrap was  
significantly lower (D =  7.7 ±  3.2 µ m2 s–1 for Lefty1-GFP and 
0.2 ±  0.2 μ m2 s–1 for Lefty1-GFP +  morphotrap (mean ±  s.d.); Fig. 6i,j).  
In addition, the activity of Lefty was decreased by morphotrap bind-
ing (Supplementary Fig. 4f,g).

We then injected mRNA encoding the morphotrap into lft1–/–; 
lft2–/– mutant embryos at the one-cell stage and generated local 
sources of Lefty1-GFP at the marginal zone (Fig. 6d,e). The expres-
sion of the morphotrap dramatically changed the range of Lefty1-
GFP from a nearly uniform distribution to a short-range gradient that 
did not reach the end of the embryo (Fig. 6d,e and Supplementary 
Videos 2 and 3). In normally sized embryos, hindered Lefty diffu-
sion did not significantly affect germ-layer patterning (Fig. 6f–h),  
possibly owing to decreased Lefty activity in the presence of 
morphotrap (Supplementary Fig. 4f,g). The change in Lefty dis-
tribution correlated with a steep drop in the rescue of extirpated 
embryos (Fig. 6f,g) and with an expanded mesendoderm (Fig. 6h  
and Supplementary Fig. 4c,d). Simulations of the size-dependent 
inhibition model with hindered Lefty diffusion recapitulated the 

experimentally observed change in Lefty distribution (Fig. 6a,b,d,e): 
the decreased Lefty range precludes scaling of Nodal signalling as 
Lefty cannot reach the distal end of the patterning field. Together, 
these observations show that hindering Lefty diffusion prevents 
scaling in extirpated embryos, supporting the prediction of the size-
dependent inhibition model.

Lefty concentration increases in smaller embryos. The third pre-
diction of our model is that the inhibitor concentration increases 
to reduce Nodal signalling in extirpated embryos (Figs. 4c and 7a), 
whereas the total amount of Lefty should slightly decrease over time 
due to feedback regulation (Fig. 7b). To test this prediction, we used 
quantitative immunoblotting and measured the amount of endo-
genous Lefty1 and histone H3 as a proxy for cellular mass. Histone 
H3 levels were reduced by approximately one-third after extirpa-
tion (Supplementary Fig. 5a–c). Importantly, the histone H3 signal 
intensity increased proportionally when 5, 10 or 15 embryos were 
loaded, showing that changes in total protein can be detected reli-
ably (Supplementary Fig. 5c). The decrease in Lefty1 amounts in 
extirpated embryos was less pronounced than histone H3 levels,  
resulting in an increased Lefty1 concentration as predicted by 
the model (Supplementary Fig. 5b). However, Lefty1 intensities 
detected by the only currently available antibody against a zebrafish  
Lefty35 were low (Supplementary Fig. 5a and see Supplementary 
Fig. 8 for unprocessed data); sufficient Lefty1 levels could only be 
reliably detected after 50% epiboly stages, so that earlier dynamics 
of potential changes in Lefty1 levels could not be analysed. To cor-
roborate these findings and to uncouple the rise in Lefty concentra-
tion from feedback regulation, we quantified the GFP intensity after 
injection of physiologically relevant amounts of lft1-GFP mRNA in 
the YSL and found that extirpated embryos exhibited a higher GFP 
intensity than normally sized embryos (Fig. 7c).

Exogenous inhibitor can mediate scaling in lieu of Lefty. To 
assess whether this increase in inhibitor concentration is required 
for germ-layer scaling, we analysed mesendoderm patterning in 
untreated and extirpated lft1–/–;lft2–/– mutants upon exposure to the 
small-molecule Nodal inhibitor SB-505124 (ref. 36). In contrast to the 
YSL injection rescue approach, a reduction in embryo size should 
not affect the concentration of the tonic Nodal inhibitor in this  
experimental setup (Supplementary Fig. 6a–d). A large fraction 
of untreated lft1–/–;lft2–/– mutants (~90%; Fig. 7d,e) was rescued 
by 4.8 µ M of Nodal inhibitor exposure. By contrast, exposure of 
extirpated lft1–/–;lft2–/– mutants to the same inhibitor concentration 
resulted in abnormal mesendoderm proportions and only ~30% 
displayed some phenotypic rescue (Fig. 7d,e and Supplementary 
Fig. 6e,f). These results show that tonic size-independent inhi-
bition levels that are effective in normally sized embryos do not  
allow scaling, as the inhibitor concentration cannot increase in 
shortened embryos.

Our model implies that increasing tonic Nodal inhibitor levels 
should restore the appropriate Nodal signalling range in extirpated 
embryos. Consistent with this prediction, increasing the exposure 
of the small-molecule Nodal inhibitor from 4.8 µ M to 6–7 µ M signi-
ficantly improved the rescue of extirpated lft1–/–;lft2–/– mutants 
from ~26% to ~64% (Fig. 7e and Supplementary Fig. 6g), demon-
strating that increased inhibitor levels are required for scaling in  
extirpated embryos.

Discussion
Together, four lines of evidence suggest that scale-invariant germ-
layer patterning is achieved by size-dependent inhibition of Nodal 
signalling. First, the reduction of Lefty levels (Fig. 5) precludes 
scaling. Second, decreasing Lefty diffusivity interferes with scale-
invariant patterning (Fig. 6). Third, the concentration of the 
Nodal inhibitor Lefty increases in extirpated embryos (Fig. 7c and 
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Fig. 5 | Germ-layer scaling depends on Lefty levels. a,b, Simulations of the size-dependent inhibition predict that, in the absence of Lefty, the 
mesendoderm is extended and does not scale (a), whereas reduced Lefty induction should prevent scaling in shortened embryos without a significant 
change in mesendoderm specification in normally sized individuals (b). c, Maximum intensity projections of lateral confocal stacks of fascin FISH in 
untreated and extirpated embryos with different numbers of lft alleles. d, Quantification of fascin-positive mesendoderm proportions. The asterisks 
show differences between untreated and extirpated embryos (blue asterisks) and between WT and lft mutant extirpated embryos (black asterisks) 
(*P <  0.05, ***P <  0.001). e,f, Quantification of fascin relative to embryo length. The data for WT untreated and extirpated are plotted in both e and f. 
For the lft mutants, the encircled domains cluster two groups: group 1 shows a similar mesendoderm proportion as WT individuals and a linear increase 
of mesendoderm with embryo size (e), whereas group 2 clusters in a wider domain with larger mesendodermal proportions, indicating an absence of 
scaling (f). In c–f, WT: n of untreated =  38, n of extirpated =  49; lft1+/–;lft2+/–: n of untreated =  26, n of extirpated =  55; lft1–/–: n of untreated =  50, n of 
extirpated =  58; lft2–/–: n of untreated =  50, n of extirpated =  63; lft1–/–;lft2–/–: n of untreated =  29, n of extirpated =  34. g,h, Maximum intensity projections 
of lateral confocal pSmad2/3 immunostaining (g) and sox3 FISH stacks (h), and quantification in 2 hpe embryos with different numbers of lft alleles. For 
pSmad2/3: WT: n of untreated =  19, n of extirpated =  21; lft1+/–;lft2+/–: n of untreated =  10, n of extirpated =  11; lft1–/–: n of untreated =  8, n of extirpated =  10; 
lft2–/–: n of untreated =  9, n of extirpated =  8; lft1–/–;lft2–/–: n of untreated =  12, n of extirpated =  9. For sox3: WT: n of untreated =  28, n of extirpated =  28; 
lft1+/–;lft2+/–: n of untreated =  21, n of extirpated =  27; lft1–/–: n of untreated =  14, n of extirpated =  13; lft2–/–: n of untreated =  30, n of extirpated =  33. The 
asterisks show differences between untreated and extirpated embryos (blue asterisks) and between extirpated WT and lft mutant embryos (black 
asterisks) (*P <  0.05; **P <  0.01; ***P <  0.001). The box plots show the median (blue line), the mean (black (untreated) and grey (extirpated) lines), 25% 
and 75% quantiles (box) and all included data points (red markers). Whiskers extend to the smallest data point within the 1.5 interquartile range of the 
lower quartile and to the largest data point within the 1.5 interquartile range of the upper quartile. Two-sided Student’s t-tests were performed (α =  0.05). 
See Supplementary Table 1 for statistics source data. Scale bars, 70 μ m (c) and 200 μ m (g,h).
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Supplementary Fig. 5b). Fourth, the rescue of extirpated lft1–/–;lft2–/– 
mutants requires higher amounts of a Nodal inhibitor drug than 
non-extirpated mutants (Fig. 7e and Supplementary Fig. 6g). In 
agreement with our mathematical model (Fig. 4, Supplementary 
Fig. 7 and Supplementary Note 1), these results support the idea 
that the concentration and high diffusivity of Lefty are essential to 
adjust germ-layer proportions.

The initial computational screen used fascin as a proxy for 
mesendoderm formation, which, in addition to Nodal, is also under 
the control of fibroblast growth factor (FGF) signalling10,35. For the 
simplified screening model, we subsumed the action of Nodal and 
FGF into one effective signalling gradient, as the induction of both 
fgf and fascin depends on Nodal signalling35,41–44, Nodal and FGF sig-
nals have similar effective mobilities in zebrafish embryos33,39, and 
the range of fascin can be changed by Lefty-dependent modulation 
of Nodal signalling32,33. Thus, our conclusions are not affected by 
how FGF, acting downstream of Nodal signalling, helps to regulate  

fascin expression together with Nodal. In more-refined simula-
tions, we demonstrate the plausibility of our model for Nodal sig-
nalling based on pSmad2/3 activity (Supplementary Fig. 7m,n), 
a direct readout of Nodal activity. Although tissue proportions 
might be further refined by interactions with other signalling path-
ways, such as bone morphogenetic protein (BMP) and FGF10,35,43,45 
(Supplementary Fig. 7o,p and Supplementary Note 1), the scaled 
distribution of the Nodal signal transducer pSmad2—which is inde-
pendent of BMP and FGF—and the scaled tissue proportions in lft 
mutants rescued by feedback-uncoupled Lefty—in which Lefty pro-
duction is not under any transcriptional regulation—demonstrate 
the central role of Lefty in germ-layer scaling.

In agreement with previous findings10,36,46,47, our results suggest 
that Nodal-mediated germ-layer patterning is robust to variations 
in signalling. Although the mesendoderm is significantly expanded 
in lft1–/– extirpated and lft2–/– untreated embryos (Supplementary 
Fig. 3c), most of them develop with normal morphology (Fig. 5 and 
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Fig. 6 | High Lefty diffusivity is required for scaling. a,b, Simulations of the model without feedback inhibition (lft1-GFP injected in the YSL; a) and 
hindered Lefty diffusion (morphotrap binds to lft1-GFP; b) predict that a reduction in Lefty diffusivity—preventing Lefty from reaching the animal pole—
should preclude scaling. c, Schematic of morphotrap-mediated Lefty1-GFP diffusion hindrance in extirpated embryos. d, Maximum intensity projections of 
confocal stacks of lft1–/–;lft2–/– embryos injected with (right panel) or without (left panel) morphotrap (injected at the one-cell stage) and lft1-GFP mRNA 
in the YSL (injected at the sphere stage). Lateral views are shown. e, Spatial distribution of Lefty1-GFP secreted from the YSL. The morphotrap prevents 
spreading of Lefty1-GFP towards the animal pole of the embryo. n of lft1-GFP mRNA injection =  6, n of morphotrap +  lft1-GFP mRNA injection =  3, n of 
background values =  1, n of background values for morphotrap =  2. The experimentally determined distributions of Lefty1-GFP with morphotrap-mediated 
diffusion hindrance resemble the simulation of the scenario in b. The shaded regions are the s.e.m. f, Lateral views of representative 26 hpf lft1–/–;lft2–/– 
embryos with different treatments. The numbers in the figure panel indicate the fraction of these representative embryos. g, Phenotype distributions in 
lft1–/–;lft2–/– embryos after different treatments (n of lft1–/–;lft2–/– =  39; lft1–/–;lft2–/– +  lft1-GFP: n of untreated (Unt) =  137, n of extirpated (Ext) =  44; lft1–/–

;lft2–/– +  morphotrap +  lft1-GFP: n of untreated =  91, n of extirpated =  44). Embryos with partial rescue display imperfect tails and reduced cephalic  
structures (that is, very mild Lefty mutant phenotypes). h, The fraction of treated lft1–/–;lft2–/– embryos with low (< 22%), normal (22–33%) and high  
(> 34%) mesendoderm proportions (n of lft1–/–;lft2–/– =  44; lft1–/–;lft2–/– +  lft1-GFP: n of untreated =  67, n of extirpated =  66; lft1–/–;lft2–/– +  morphotrap + 
  lft1-GFP: n of untreated =  35, n of extirpated =  37). The fraction of rescued and non-rescued lft1–/–;lft2–/– embryos correlates with the fraction of normal and 
high mesendoderm proportions in g and h. i,j, FRAP experiments demonstrate that Lefty1-GFP diffusion is hindered by the morphotrap. Representative 
FRAP data for Lefty1-GFP (i) and Lefty1-GFP with morphotrap (j) are shown. Microscopy images are shown before photobleaching (Pre), immediately after 
(0 s), as well at 2,000 s and 3,000 s after photobleaching. Diffusion coefficients and production rates were fitted to the recovery curves using previously 
published values for Lefty1-GFP protein stability33. The mean (± s.d.) diffusion coefficients were 7.7 ±  3.2 μ m2 s–1 for Lefty1-GFP (from n =  6 independent 
experiments) and 0.2 ±  0.2 µ m2 s–1 for Lefty1-GFP with morphotrap (from n =  4 independent experiments). See Supplementary Table 1 for statistics source 
data. Scale bars, 200 µ m (d,f,i,j).
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Supplementary Fig. 3b). This suggests that embryos can adapt to 
a certain degree of mesendoderm expansion, possibly up to ~42% 
(Supplementary Fig. 3a–c). However, this margin of tolerance is 
reduced in lft1–/–;lft2–/– embryos rescued with YSL-expressed Lefty1-
GFP, and an increase in the mesendoderm domain above ~35% in 
this context seems to invariably prevent phenotypic rescue. Thus, 
patterning robustness might arise from Nodal–Lefty regulatory 
feedback, which is absent in lft1–/–;lft2–/– mutant embryos but pres-
ent in embryos with at least one intact Lefty paralogue.

Previously postulated feedback-dependent scaling systems rely 
on modulators whose concentrations change depending on tissue  
size to adjust the signalling activity range by modulating the diffu-
sion or clearance of the signal11,14,48–56. The Nodal–Lefty activator–
inhibitor system is an excellent candidate for a modulator-based 
scaling mechanism: (1) Lefty (modulator) inhibits Nodal activ-
ity by binding and preventing it from activating its receptors, 
(2) the Nodal activity range is unaffected by the size reduction 
in extirpated embryos, as the Nodal distribution is restricted to 
the marginal zone owing to its low diffusivity33, (3) Lefty diffuses 
significantly faster than Nodal and exhibits a nearly uniform dis-
tribution33,36 (Figs. 4c and 6d,e,i and Supplementary Video 2), and 
(4) the production of Lefty is largely independent of the changes 
in size as Lefty-producing cells are located at the margin, which 
remains unaffected immediately following extirpation (Fig. 3e–i).  
An example of a modulator-based scaling mechanism is the 
recently proposed ‘expansion–repression’ model, in which scaling 
of signalling gradients is achieved by an expander that increases 
the range of the signal and that is itself repressed by the signal51. 
Superficially, our model can be interpreted as a mirror image of the 

‘expansion–repression’ model—that is, a ‘contraction–activation’ 
system—as the ‘inhibitor’ (or the ‘contractor’) Lefty restricts the 
range of the signal (Nodal) and is activated by the signal. However, 
our theoretical model does not depend on feedback between the 
signal and the modulator. Because in our system the modulator 
inhibits the signal, it is sufficient to couple the changes in the con-
centration of the inhibitor to size to confer proportionate pattern-
ing. Similarly, we showed experimentally that Nodal-mediated 
Lefty activation is dispensable for scaling (Figs. 6 and 7 and 
Supplementary Figs. 4 and 6). This suggests that scale-invariant  
patterning is purely based on size-dependent Nodal inhibition 
that is mediated by Lefty, providing a foundation for the propor-
tionate allocation of all future tissues.

The scaling mechanism that we found crucially depends on 
the coupling of the inhibitor concentration to embryo size, which 
is conferred by the high diffusivity of Lefty. Strikingly, a similar 
mechanism based on the coupling of cell volume to the concentra-
tion of a cell-cycle inhibitor has recently been found to control cell 
size in yeast57. Thus, it is possible that this simple mechanism might  
be widespread across various levels of biological organization to 
coordinate growth with cellular functions and patterning.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41556-018-0155-7.
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Methods
Generating smaller embryos by extirpation. All procedures involving 
animals were executed in accordance with the guidelines of the State of Baden-
Württemberg (Germany) and approved by the Regierungspräsidium Tübingen 
(35/9185.46-5 and 35/9185.81-5).

Extirpation assays were performed using a glass capillary holder mounted on 
a Hamilton syringe and fixed in a micromanipulator (Narishige). Extirpations 
were performed in 4-hpf pronase-dechorionated sphere-stage embryos in Ringer’s 
solution (116 mM NaCl, 2.8 mM KCl, 1 mM CaCl2 and 5 mM HEPES). To allow 
wound healing after extirpation, embryos were left undisturbed for 30 min at 28 °C. 
The wound typically healed within 15 min after extirpation and the extirpated 
embryos were then transferred to normal embryo medium. To assess the survival 
of extirpated embryos without considering other mechanical disruptions of the 
extirpation assay (such as wound-healing failure or mechanical constraints due to 
changes in the embryo/yolk ratio), embryos that did not survive extirpation or that 
did not proceed to gastrulation were discarded.

For the quantification of cell numbers, extirpated cells from pools of ten 
embryos were transferred to individual PCR tubes containing 0.05% trypsin 
solution (Gibco) and incubated for 15 min at 37 °C. Dissociated cells were then 
quantified using a Neubauer chamber on an Olympus CKX41 microscope. Pools 
(10–20) of extirpated cells from 10 embryos were quantified per extirpation 
experiment. The average number of extirpated cells per embryo was 820 ±  130 
cells, which corresponds to ~30% of the cells of an embryo at the sphere stage with 
~3,000 cells.

Whole-mount in situ hybridization. fascin, hgg1, vsx2, sox3, sox17 and sox32 
RNA probes for in situ hybridization assays were synthesized using SP6 or T7 
polymerase (Roche) and digoxigenin (DIG)-modified (Roche) or dinitrophenol 
(DNP)-modified (Perkin Elmer) ribonucleotides. RNA probes were purified 
by ethanol precipitation with 7.5 M lithium chloride. For chromogenic in situ 
hybridizations, embryos were fixed overnight at 4 °C in 4% formaldehyde and 
then processed using an In situ Pro hybridization robot (Abimed/Intavis) and, as 
previously described58, with the following modifications: no proteinase K treatment 
before the 90% epiboly stage; no pre-absorption of the anti-DIG antibody 
(11093274910, Roche); 5% dextran sulfate (Sigma) added to the hybridization 
solution59; riboprobes were denatured at 80 °C for 15 min and chilled on ice prior  
to hybridization using a final concentration of 1–2 ng µ l–1.

For fluorescent in situ hybridization (FISH), the following modifications  
were used: the blocking solution contained 2% Blocking Reagent (Roche) in  
1×  MABTw; incubation with anti-DIG (Roche) or anti-DNP-POD (FP1129, 
Perkin-Elmer) antibodies at a dilution of 1:150 in blocking solution was carried out 
overnight with shaking at 4 °C; after antibody incubation, embryos were washed six 
times for 20–30 min at room temperature with PBS containing 0.1% Tween (PBST) 
and the signal was developed with 100 µ l TSA Cy3 or Cy5 at a dilution of 1:75 in 
amplification buffer (Perkin Elmer) for 1 h at room temperature without shaking.

For imaging, embryos were embedded in 1% low-melting point agarose, 
transferred to glass-bottom culture dishes (MatTek corporation) and oriented 
manually. Only embryos that were mounted with the vegetal–animal axis 
completely parallel to the cover glass were used for analysis. For chromogenic 
in situ samples, images were captured using an Axio Zoom.V16 (Zeiss). For 
fluorescent in situ samples, confocal laser scanning microscopy was performed 
using an LSM 780 NLO microscope (Zeiss). Images were processed using Fiji60. 
The number of hgg1-, sox17- and sox32-positive cells was quantified using the 
‘multi-point selection’ tool60. fascin and sox3 expression domains44,61 in the central-
most embryo regions were quantified using the ‘measure’ tool in Fiji. fascin was 
quantified from the margin of the embryo to the end of the domain with high 
expression values. sox3 was quantified from the animal pole to the end of the 
domain with high expression values. The shield was excluded in the selection 
due to a higher expression of mesendodermal markers in this region. The size 
of embryos (from the margin to the animal pole) was measured similarly using 
bright-field images.

Immunostaining. For immunostainings, anti-phospho-histone H3 (anti-pH3; 
3377S, Cell Signaling Technologies) and anti-pSmad2/3 (8828, Cell Signaling 
Technologies) antibodies were used.

Immunostaining for pH3 was carried out as described previously62 with a 1:500 
dilution of the primary antibody. For pSmad2/3, specimens were incubated in 
cold acetone at –20 °C for 20 min before blocking35. To ensure staining specificity, 
samples were exposed to low concentrations of anti-pSmad2/3 antibody (1:2,000 
or 1:5,000) and samples were washed for 24 h with PBST before adding the 
secondary antibody. The signal was then amplified using horseradish peroxidase 
(HRP)-conjugated anti-rabbit antibodies (111-035-003, Jackson ImmunoResearch) 
and TSA Cy3 or Cy5 at a dilution of 1:75 in amplification buffer (Perkin Elmer) 
for 45 min at room temperature without shaking. Embryos were mounted for 
imaging as described above for FISH, but with the dorsal–ventral axis parallel to 
the cover glass in the case of pH3 staining. Confocal laser scanning microscopy 
was performed using an LSM 780 NLO (Zeiss) confocal microscope and images 
were processed using Fiji. The number of pH3-positive cells was quantified 
over a depth of 140 µ m using the ‘find maxima’ plug-in in Fiji, with a fixed noise 

tolerance of 10,000 and manual correction. pSmad2/3 distributions were quantified 
from the margin of the embryo to the end of the pSmad2/3 nuclear staining 
using the ‘measure’ tool in Fiji. Non-nuclear staining was excluded. The extent of 
pSmad2/3 signalling was variable along the embryonic margin, and the mean of 
the pSmad2/3 domain at ten different points along the marginal zone is shown in 
all figures. The size of embryos from the margin to the animal pole was measured 
similarly using 4,6-diamidino-2-phenylindole (DAPI)-stained images.

Cell density quantification. Cell density measurements were performed in 
untreated and extirpated H2A-GFP63 transgenic embryos. Embryos were mounted 
at 1 hpe and 2 hpe as described above for pH3 immunostaining. The number of 
cells was quantified as described above for pH3-positive cells but over a depth of 
80 µ m. The automatic segmentation and assignment of nuclei within the highly 
dense field of cells were carefully inspected visually and manually corrected.

Epiboly measurements. Untreated and extirpated embryos were imaged every 
30 min after extirpation. Lateral images were taken. The extent of the embryo 
proper, the uncovered yolk, the blastoderm thickness and the total length 
(embryo proper +  yolk) were measured. To calculate the percentage of epiboly, 
the percentage of the total length that was covered by the embryo proper was 
calculated. Blastoderm spreading during epiboly was calculated by subtracting the 
extent of the embryo proper at 1.5, 2, 3 and 4 hpe from the embryo proper extent at 
the first time point of analysis (1 hpe).

Light-sheet imaging for 3D reconstructions of fascin and pSmad2/3 domains. 
For 3D imaging, a Light-sheet Z.1 microscope (Zeiss) was used. Embryos were 
embedded in 1% low-melting point agarose and mounted in glass capillaries. 
For merging of the different views, far-red or green fluorescent beads (Thermo 
Fischer Scientific) were added to the agarose at a 1:200,000 dilution. After 3D 
reconstruction, 2D maps were generated as described previously64 and rotated to 
the correct perspective using Hugin panorama photo stitcher software (http://
hugin.sourceforge.net).

To quantify the signal distribution in the resulting 2D maps, images were 
opened in Fiji and rotated by 90°. The region corresponding to the whole embryo 
was selected, and the average intensity of fascin or pSmad2/3 from every point of 
the embryonic vegetal–animal axis was obtained using the ‘plot profile’ plug-in 
in Fiji. Distances in pixels were transformed into percentages of the total embryo 
length with the vegetal-most side defined as 0% and the animal-most side as 100%. 
Intensity was then normalized by subtracting background values (that is, the lowest 
intensity value closest to the animal pole of the embryo) and setting the highest 
intensity value to 1. For the quantification of pSmad2/3 distributions, background 
values were obtained by imaging lefty mRNA-injected embryos after pSmad2/3 
immunostaining and normalized using the highest intensity value from the 
uninjected experimental data sets. 2D maps of DAPI were used as controls to rule 
out spatial inhomogeneities along the embryonic vegetal–animal axis. The graphs 
in Figs. 1e and 3b represent scaled average maps obtained from several embryos.

To re-dimensionalize the scaled 2D maps (Figs. 1g and 3d), distances were 
multiplied by the measured embryo diameter and divided by π /2. Intensities were 
averaged in bins of 2 µ m, and the mean and standard error of different individuals 
were calculated piece wise.

Assessment of Lefty1 and Lefty2 activity. mRNA encoding Lefty1-GFP or Lefty2-
GFP33 was generated by plasmid linearization with NotI (NEB), purification 
with a Qiagen PCR clean-up kit and in vitro transcription using SP6 mMessage 
mMachine kits (Ambion). Pronase-dechorionated wild-type (WT; TLAB) embryos 
at the one-cell stage were injected with different amounts of lft1-GFP (22 pg, 
43 pg and 86 pg) or lft2-GFP (5 pg, 10 pg and 20 pg) mRNA along with 100 pg of 
10 kDa Alexa546-dextran (Life Technologies). At the sphere stage, three to five 
embryos per condition were imaged on an LSM 780 (Zeiss) confocal laser scanning 
microscope, and eight embryos with three replicates per condition were collected 
for qRT–PCR at 50% epiboly. Extracellular fluorescence intensity quantifications 
and qRT–PCR measurements with Promega Go-Taq qPCR Master Mix were 
executed as described previously33 using the zebrafish elongation factor ef1a as a 
normalization control.

Immunoblotting. WT (TE strain) zebrafish embryos around the 50% epiboly 
stage were deyolked manually with tweezers and a dissection needle. ‘Negative 
control’ embryos were treated from 4-cell to 8-cell stages onward with the Nodal 
inhibitor SB-505124 (S4696, Sigma Aldrich) at 50 µ M as described previously35. 
The efficiency of inhibitor treatment was confirmed by assessing the phenotypes 
of inhibitor-treated and dimethylsulfoxide-treated embryos at 24 hpf. ‘Positive 
control’ embryos were injected with 10 pg Squint-encoding mRNA33 to induce 
endogenous lft1 expression and were staged according to the development of 
uninjected siblings. Deyolked embryo caps were transferred to microcentrifuge 
tubes, excess embryo medium was removed, embryos were mixed with sample 
buffer (94 mM Tris pH 6.8, 3% SDS, 15% glycerol, 150 mM dithiothreitol and 
0.003% bromophenol blue; 1 µ l per embryo) and lysed by vortexing and incubation 
at 95 °C for 10 min. Before loading, the samples were vortexed again and cleared by 
brief centrifugation.
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The Lefty1 and H3 signals originated from different SDS–polyacrylamide 
gels and polyvinylidene difluoride (PVDF) membranes owing to differences in 
the abundance and molecular weights of these proteins. For anti-Lefty1 western 
blots 5, 10 or 15 embryos were loaded on 10% SDS–polyacrylamide gels (5 µ l, 
10 µ l or 15 µ l, respectively). The loading of samples at the concentration used for 
Lefty1 blots resulted in a saturated H3 signal; thus, samples were diluted fivefold to 
quantify H3 levels using 12% SDS–polyacrylamide gels. To resolve Lefty1 well and 
separate it from unspecific bands, we let proteins with a molecular weight of less 
than 25 kDa run off the gels for Lefty1 immunoblots, making subsequent detection 
of H3 (~15 kDa) impossible.

Proteins were blotted onto PVDF membranes using the Trans-Blot Turbo 
Transfer System (Bio-Rad) in ‘mixed molecular weight’ mode. Blotted membranes 
were blocked in PBST containing 5% milk powder for 1 h at room temperature and 
incubated with the primary antibody (diluted in PBST containing 5% milk powder; 
1:2,000 for the Lefty1 antibody35 and 1:10,000 for the histone H3 antibody (ab1791, 
Abcam)) at 4 °C overnight. The membranes were briefly rinsed with PBST, washed 
twice with PBST for 5 min and washed two more times with PBST for 10 min at room 
temperature. Membranes were then incubated with HRP-coupled anti-rabbit antibody 
(111-035-003, Jackson ImmunoResearch; diluted 1:10,000 in PBST containing 5% 
milk powder) for 1.5 h at room temperature, followed by a brief rinse with PBST, two 
washes with PBST for 5 min and two washes for 10 min at room temperature. Fresh 
PBST was added to the membranes before application of SuperSignal West Dura 
Extended Duration Substrate (Thermo Fisher Scientific). Chemiluminescence was 
detected with a Fusion Solo imaging system (Vilber Lourmat).

TIFF images were analysed in Fiji. Regions of interest were drawn around 
Lefty1 or H3 bands and the mean intensity values were used for further analysis. 
For lanes without clear Lefty1 bands, the signal intensity was measured at the 
position of the expected molecular weight based on embryos overexpressing 
squint. The region of interest dimensions were constant for all lanes measured 
on a given membrane (Supplementary Fig. 8). We did not subtract background 
intensities for the quantifications in Supplementary Fig. 5, which seemed to be 
higher in untreated than in extirpated embryos (Supplementary Fig. 8), although 
single bands in the untreated or extirpated samples did not consistently follow this 
general trend (perhaps representing yolk proteins65 and possibly reflecting sample-
related differences in deyolking efficiency). The Lefty1 signal from samples with 10 
embryos provided the most reliable signal, whereas the signal for samples with 5 
embryos was not robustly detectable and the signal from samples with 15 embryos 
might be close to saturation (Supplementary Fig. 5c).

Injection of lft1-GFP mRNA into the YSL. mRNA encoding Lefty1-GFP33 
was generated by plasmid linearization with NotI-HF (NEB), purification with 
a Qiagen PCR clean-up kit and in vitro transcription using SP6 mMessage 
mMachine kits (Ambion). To mimic endogenous Lefty secretion, a physiologically 
relevant amount of 100 pg lft1-GFP mRNA was precisely injected into 4 hpf (the 
sphere stage) pronase-dechorionated embryos at two equidistant points (1 nl 
of 50 ng µ l–1 lft1-GFP mRNA per point) within the embryonic YSL. To identify 
physiologically relevant amounts, 40, 60, 80, 100, 160 and 200 pg lft1-GFP mRNA 
were tested in a careful titration series, and 100 pg lft1-GFP mRNA were found to 
most efficiently rescue lft1–/–;lft2–/– mutants.

Extirpations were performed 20–30 min after YSL injections. Embryos were 
divided into three groups: one group was fixed at the shield stage and processed 
for FISH, the second was incubated in embryo medium at 28 °C in 24-well plates 
covered with 2% agarose (1 embryo per well) for phenotypic analysis at 24 hpf, 
and the third group was processed for imaging 45–60 min after YSL injections. 
Mounting for imaging was done as described above for FISH samples. Movies were 
recorded with identical imaging conditions. Embryos were imaged for a total of 
approximately 100 min and Fiji was used to generate the movies. For measurements 
of Lefty1-GFP intensity, injections of lft1-GFP mRNA in the YSL and extirpations 
were performed as described above, but imaging was carried out 1.5–2 h after 
injection. Samples were captured with identical imaging conditions. Twenty 
confocal slices were used for z-projections over a depth of 53 µ m, and the intensity 
of equivalent areas of the images was quantified using the ‘measure’ plug-in in Fiji.

Hindering Lefty1-GFP diffusion. The morphotrap construct40 comprises a strong 
GFP binder (Kd: ~0.3 nM)66. The morphotrap construct was digested with XhoI 
and XbaI to insert the morphotrap into a pCS2+ expression plasmid. mRNA was 
generated as described above for lft1-GFP. One nanolitre containing 100–150 pg 
mRNA encoding the morphotrap was injected into one-cell-stage embryos for 
experiments shown in the middle panel of Supplementary Fig. 4e. Transplantation 
of cells expressing the morphotrap (bottom panel of Supplementary Fig. 4e) was 
performed as described above for the extirpation experiments. Briefly, 50–100 
cells were transplanted from a sphere-stage donor previously injected with 200 pg 
morphotrap-encoding mRNA into the sphere-stage host embryos previously 
injected with 50 pg lft1-GFP mRNA.

Time-lapse imaging experiments (Supplementary Videos 2 and 3) showed 
that Lefty1-GFP mobility from the YSL is strongly affected by the presence of the 
morphotrap. However, Lefty1-GFP mobility is not abolished entirely. This outcome 
is expected—even for a high-affinity GFP binder—if binding is reversible and 
the on/off kinetics are fast39. The strong membrane localization of Lefty1-GFP in 

embryos expressing the morphotrap confirmed the high affinity. The movement of 
the Lefty1-GFP signal appeared to follow the membranes in these embryos and is 
slow, consistent with a low fraction of mobile Lefty1-GFP. However, morphogenetic 
movements during epiboly might play an additional role in Lefty1-GFP transport, 
possibly facilitating Lefty spreading towards the animal pole.

Testing the effect of morphotrap binding on Lefty1-GFP activity. WT (TE) 
embryos were injected at the one-cell stage with 1 nl injection mix containing 
5 pg or 30 pg lft1-GFP mRNA and 0.05% phenol red. To test the effect of the 
morphotrap on Lefty1-GFP activity, 150 pg morphotrap mRNA was included in 
the injection mix. Lefty overexpression phenotypes were evaluated at 24 hpf. Three 
groups of Nodal loss-of-function phenotypes were defined according to their 
strength (Supplementary Fig. 4f,g): mild (S1), intermediate (S2) and severe (S3). 
For imaging, embryos were mounted in 2% methylcellulose in embryo medium. 
Bright-field images were acquired with an Axio Zoom.V16 (Zeiss).

Lefty1-GFP gradient measurements. A physiologically relevant amount of 100 pg 
mRNA encoding Lefty1-GFP was injected into the YSL of lft1–/–;lft2–/– embryos. 
One group of embryos was additionally injected with 150 pg morphotrap mRNA 
at the one-cell stage. Ninety minutes after YSL injections, embryos were mounted 
and imaged using an LSM 780 NLO (Zeiss) confocal laser scanning microscope. 
Embryos were imaged between 90 min and 140 min after YSL injections. To 
measure the gradients of secreted Lefty1-GFP from the YSL, maximum intensity 
projections were generated from 28 confocal slices over a depth of 194 µ m, and 
the ‘plot profile’ plug-in in Fiji was used to obtain the intensity of Lefty1-GFP 
from every point of the vegetal–animal axis in a central region of the embryo. 
Background values were obtained by imaging lft1–/–;lft2–/– uninjected embryos (for 
the group injected with lft1-GFP mRNA) or lft1–/–;lft2–/– injected with morphotrap 
(for the group injected with morphotrap +  lft1-GFP mRNA).

Fluorescence recovery after photobleaching. WT (TE) embryos were injected 
at the one-cell stage with 1 nl injection mix containing 50 pg lft1-GFP mRNA 
and 0.05% phenol red. In experiments in which the effect of the morphotrap on 
Lefty1-GFP diffusivity was measured, 200 pg mRNA encoding the morphotrap 
were included in the injection mix. Pronase-dechorionated embryos were selected 
for homogeneous expression of the morphotrap using an Axio Zoom.V16 (Zeiss). 
Embryos were mounted around the oblong to the sphere stage in 1% low-melting 
agarose using 35-mm glass-bottom microwell dishes (MatTek). Fluorescence 
recovery after photobleaching (FRAP) was performed and analysed as described 
previously33,67,68 using an LSM 780 NLO (Zeiss) confocal microscope at an imaging 
depth of 30–40 µ m. Diffusion coefficients and production rates were fitted to 
the recovery curves using previously published values for Lefty1-GFP protein 
stability33. The fit was constrained with a minimal diffusion coefficient of 0.1 µ 
m2 s–1, which is on the order of the speed of cell movements during early zebrafish 
development33.

lft1–/–;lft2–/– mutant rescue with the small-molecule Nodal inhibitor SB-
505124. Rescue experiments were performed as recently described36. Extirpations 
were performed in 4 hpf pronase-dechorionated embryos at the sphere stage 
as described above. Thirty to forty minutes after extirpation, embryos were 
transferred to 24-well plates covered with 2% agarose (1 embryo per well) and 
treated with 4.8 µ M SB-505124 in embryo medium starting 40 min after extirpation 
(~30% epiboly stage). Embryos were then separated into two groups: one group 
was fixed 2–2.5 h after extirpation (the shield stage) and processed for FISH, 
and the second group was further incubated with the inhibitor at 28 °C until 
24 hpf (20 h after extirpation) for phenotypic analysis. For the experiments with 
increasing Nodal inhibitor exposure, different concentrations from 6 µ M to 12 µ M 
SB-505124 in embryo medium were tested.

Mathematical modelling. Details of the computational screen and the parameters 
used for modelling of the size-dependent inhibition system are described in 
Supplementary Note 1 and Supplementary Table 2.

Statistics and reproducibility. Two tests were performed to assess whether 
experimental data were normally distributed: the Kolmogorov–Smirnov (α =  0.05) 
and the Shapiro–Wilk tests (α =  0.05). To analyse whether experimental groups 
were significantly different, two-sided Student’s t-tests (α =  0.05) were performed.

Embryos from zebrafish crosses were randomly allocated into experimental 
groups for extirpation, injections and drug treatments. Most experiments were 
carried out at least twice, and the findings of all key experiments were reliably 
reproduced. All replicates and precise P values are documented in the ‘Summary’ 
sheet of Supplementary Table 1, which states the number of independent samples, 
embryos and independent experiments.

Reporting Summary. Further information on experimental design is available in 
the Nature Research Reporting Summary linked to this article.

Code availability. The source code for the custom scripts used for data analysis in 
this study is available from the corresponding author on reasonable request.
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Data availability. Supplementary Table 1 contains the source data for Figs. 1a,c,d,h, 
2b,c,e–i, 3a, 5c–h, 6f–j and 7e and Supplementary Figs. 2a,b, 3a–c and 4a–d. The 
data that support the findings of this study are available from the corresponding 
author on reasonable request.
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Data collection For data acquisition on a Lightsheet Z.1 microscope, we used ZEN 2014 SP1 Black Version 9.2.0.0 (ZEISS). For data collection on an Axio 
Zoom.V16 microscope, we used ZEN Blue Version 2.0.0.0 (ZEISS). For data acquisition on an LSM 780 NLO microscope, we used ZEN 2.3 
SP1 Black version 14.0.0.201 (ZEISS).

Data analysis For image analysis, we used Fiji/ImageJ version 1.51. 2D maps were re-aligned using the Hugin panorama photo stitcher software 
2016.0.0. Most simulations were executed in Python 2.7.8 with scipy 0.19.0, numpy 1.14.0, fipy 3.1, and matplotlib 1.5.3. Simulations in 
Fig. 7a,b were performed in COMOL Multiphysics version 3.5a. FRAP data was analysed using MATLAB 7.10.0 (R2010a), COMSOL 
Multiphysics version 3.5a, and custom scripts. The source code for custom scripts used for data analysis in this study is available from the 
corresponding author.
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Sample size At least three biological replicates were estimated to provide an adequate sample size based on previous analyses (Müller et al., Science 2012; 
Müller et al., Development 2013, Pomreinke et al., eLife 2017). For most experiments, we exceeded this minimal sample size to reduce the 
relative standard error.

Data exclusions Data was excluded using pre-established criteria. To assess the survival of extirpated embryos without considering other mechanical 
disruptions of the extirpation assay (such as wound healing failure or mechanical constraints due to changes in the embryo/yolk ratio), 
embryos that did not survive extirpation or that did not proceed to gastrulation were discarded. For FRAP experiments, we discarded embryos 
with a non-uniform distribution of Lefty1-GFP since the model to fit the data assumes a uniform fluorescence distribution around the 
bleached domain. 

Replication Most experiments were carried out at least twice, and the experimental findings were reliably reproduced. 

Randomization Embryos from zebrafish crosses were randomly allocated into experimental groups for extirpation, injections, and drug treatments.

Blinding Since embryos from zebrafish crosses were genetically uniform and indistinguishable, blinding of the investigators was not necessary.
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Policy information about availability of materials

Obtaining unique materials There are no restrictions on the availability of materials, which can be obtained from standard commercial sources or from the 
corresponding author. The only exception is the antibody directed against zebrafish Lefty1, which was obtained from Dr. 
Caroline Hill (The Francis Crick Institute).
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Antibodies
Antibodies used We used anti-DIG-AP (Roche, 11093274910) at a dilution of 1:3000, anti-DIG-POD (Roche, 11207733910) at a dilution of 1:150, 

anti-DNP-POD (Perkin-Elmer, FP1129) at a dilution of 1:150, anti-phospho-Histone H3 (Cell Signaling Technologies, 3377S) at a 
dilution of 1:500, anti-pSmad2/3 (Cell Signaling Technologies, 8828) at a dilution of 1:2000 or 1:5000, HRP-conjugated anti-rabbit 
(Jackson ImmunoResearch, 111-035-003) at a dilution of 1:500, anti-Lefty1 (van Boxtel et al., Dev Cell 2015) at a dilution of 
1:2000, and anti-Histone H3 (Abcam, ab1791) at a dilution of 1:10000.

Validation We used validated primary antibodies from standard commercial sources (for validation see Moens, Cold Spring Harb Protoc 
2008; Lauter et al., BMC Dev Biol 2011; Brend and Holley, JoVE 2009; van Boxtel et al., Dev Cell 2018; https://
www.cellsignal.com/products/primary-antibodies/phospho-histone-h3-ser10-d2c8-xp-rabbit-mab/3377; https://
www.cellsignal.com/products/primary-antibodies/phospho-smad2-ser465-467-smad3-ser423-425-d27f4-rabbit-mab/8828; 
Vastenhouw et al., Nature 2010). The only exception is the antibody directed against zebrafish Lefty1, which was validated by Dr. 
Caroline Hill's laboratory (The Francis Crick Institute) in van Boxtel et al., Dev Cell 2015. We also validated the specificity of this 
antibody by generating “negative control” embryos treated with the Nodal inhibitor SB-505124 (which inhibits lefty1 expression) 
and “positive control” embryos injected with Squint-encoding mRNA (which induces endogenous lefty1 expression).  

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals All procedures involving animals were executed in accordance with the guidelines of the State of Baden-Württemberg (Germany) 
and approved by the Regierungspräsidium Tübingen (35/9185.46-5, 35/9185.81-5). We performed experiments exclusively on 
zebrafish embryos and larvae that were at most two days old and were not yet freely feeding. We used wild type (TE and TLAB 
strains) and Lefty mutant zebrafish embryos generated by TALEN-mediated targeted mutagenesis (Rogers et al., eLife 2017). 

Wild animals We did not use wild animals.

Field-collected samples We did not use field-collected samples.
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