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Abstract

The formation of repetitive structures (such as stripes) in nature is often consistent with a reaction-

diffusion mechanism, or Turing model, of self-organizing systems. We used mouse genetics to 

analyze how digit patterning (an iterative digit/nondigit pattern) is generated. We showed that the 

progressive reduction in Hoxa13 and Hoxd11-Hoxd13 genes (hereafter referred to as distal Hox 
genes) from the Gli3-null background results in progressively more severe polydactyly, displaying 

thinner and densely packed digits. Combined with computer modeling, our results argue for a 

Turing-type mechanism underlying digit patterning, in which the dose of distal Hox genes 

modulates the digit period or wavelength. The phenotypic similarity with fish-fin endoskeleton 
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patterns suggests that the pentadactyl state has been achieved through modification of an ancestral 

Turing-type mechanism.

Digit patterning has commonly been interpreted in the context of a morphogen gradient 

model (1, 2). The proposed morphogen Sonic hedgehog (Shh) emanates from the zone of 

polarizing activity (a cluster of mesodermal cells in the posterior border of the limb bud) and 

establishes a gradient with maximum levels posteriorly. Gli3 is the major mediator of Shh 

signaling in limb development and a genetic cause of polydactyly (2). Because Shh prevents 

the processing of Gli3 to its repressor form (Gli3R), the Shh gradient is translated into an 

inverse gradient of Gli3R (3, 4). The surprising finding that mouse Gli3 and Shh;Gli3 null 

mutants display identical polydactylous limb phenotypes demonstrates that an iterative 

series of digits can form in the absence of Shh (4, 5). Rather than supporting a gradient 

model, this observation is consistent with a Turing-type model for digit patterning (6–11) in 

which dynamic interactions between activator and inhibitor molecules determine the 

wavelength of the specific pattern and produce periodic patterns of spots or stripes. This 

pattern has been hypothesized to act as a molecular prepattern for chondrogenesis. 

According to one of the specific predictions of the model, the digit period or wavelength, 

defined as the combined thickness of both digit and interdigital region, should be subject to 

modulation by perturbing the correct parameter of the gene network. This should lead to 

autopods with digits varying in thickness and number, which has never been clearly 

observed to date.

Although the core molecules of a self-organizing mechanism remain unknown, potential 

candidates for molecular modulators of the system include the Hox genes (10, 12). Distal 

Hoxa and Hoxd genes have a well-documented impact on digit number (13), though their 

specific role remains unclear, possibly due to their various interactions with the Shh-Gli3 

pathway. These interactions include the mutual transcriptional regulation between Hox 
genes and Shh and the binding of Hoxd12 to Gli3R, resulting in a blockage of Gli3R 

repressor activity (14–16). In general, gain- and loss-of-function experiments suggest a 

positive relation between Hox genes and digit number (14, 17–22), which is also indicated 

by the ectopic anterior up-regulation of distal Hoxd genes in the Gli3-dependent polydactyly 

(4, 5). However, we showed that the combined deletion of Hoxd11–13 and Gli3 exacerbated 

the Gli3 polydactyly (23), suggesting instead a negative relation between distal Hoxd genes 

and digit number.

Hoxd11-13;Gli3 mutants displayed a gain of Hoxa13 expression, similar to Gli3 mutants 

(23). To address the relation between Hoxa13 and digit number, we generated double 

Hoxa13;Gli3 mutants (see supplementary materials and methods). At embryonic day 12.5 

(E12.5), Sox9 expression marked the five digital chondrogenic condensations in control 

autopods and revealed the delay in differentiation in the anterior mesoderm and the 

polydactyly typical of the Gli3 deficiency (Fig. 1A) (24). Hoxa13−/−;Gli3XtJ/XtJ showed 

seven to eight digital condensations in the posterior mesoderm plus a diffuse Sox9 
expression in the anterior mesoderm, which likely corresponded to presumptive digital 

condensations (Fig. 1A). Even though the number of digits could not be precisely 

determined, Sox9 expression suggested an increase in digit number in Hoxa13−/−;Gli3XtJ/XtJ 
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compared with Gli3XtJ/XtJ mutants, supporting a negative effect of Hoxa13 on digit number, 

similar to distal Hoxd genes (23).

Hoxa13−/−;Gli3XtJ/XtJ limbs also displayed reduced digit wavelength and digit bifurcations 

(Fig. 1A). To quantify both features, we analyzed curved anterior posterior (AP) profiles of 

Sox9 expression at four equidistant positions along the proximal distal (PD) axis of the digit 

region of the Hoxa13;Gli3 mutants shown in Fig. 1A (Fig. 1B and supplementary materials). 

We measured the average digit period and AP length of each profile (shown in Fig. 1B for 

Hoxa13+/−;Gli3XtJ/XtJ) and plotted results (Fig. 1C). In control, Hoxa13+/+;Gli3XtJ/XtJ, and 

Hoxa13+/−;Gli3XtJ/XtJ mutants, the average digit period increased along the PD axis, 

whereas the ratio between the average digit period and the AP length was constant, 

suggesting that the wavelength of a Turing-type mechanism was scaled along the PD axis to 

maintain a constant number of digits. However, this was not true for the 

Hoxa13−/−;Gli3XtJ/XtJ limbs, where the average digit period flattened off distally, and, in 

agreement with a Turing-type mechanism, digit bifurcations occurred as the AP length 

increased (Fig. 1A). Our quantification suggested that normal digit patterning involves an 

effective PD increase of the digit wavelength, which we hypothesized must be carefully 

controlled if bifurcations are to be avoided.

To test this hypothesis, we built a two-dimensional (2D) finite-element model based on the 

shape of the Gli3XtJ/XtJ handplate at E12.5 and simulated a reaction-diffusion system by 

scaling the wavelength in either a uniform (remaining constant) or a graded manner along 

the PD axis of the digital region (Fig. 1, D and E, and supplementary text). We used a 

generic activator-inhibitor reaction-diffusion system, employing the minimal conditions to 

satisfy Turing instability (see supplementary text) (25). We determined whether a single 

reaction parameter of the model could be an effective target for wavelength modulation (figs. 

S4 and S5) and chose the effect of activator on inhibitor production (gu) as the most suitable 

(see supplementary text). Our simulations showed that digit bifurcations occurred in the 

uniform case (red arrowhead Fig. 1D), whereas no bifurcations were shown when we used 

graded wavelength scaling (Fig. 1E), reproducing the observed mutant patterns. Our model 

suggests that, in the absence of Gli3, the genetic reduction of Hoxa13 produces a global 

reduction in wavelength (ω), thereby increasing digit number, but also causes a shallower 

PD gradient of ω, which explains the observed digit bifurcations. Because there is no 

evidence for a PD-graded Hox expression, the simplest interpretation of the model is that ω 
is modulated by both the Hoxa13 gene (explaining the global reduction in wavelength) and 

fibroblast growth factor (FGF) signaling (explaining the PD gradient), possibly by co-

regulating the same target genes (see supplementary text).

Because Hoxa13−/−;Gli3XtJ/XtJ double mutants display ectopic anterior expression of 

Hoxd12 and Hoxd13, similar to Gli3 mutants (fig. S1), it remained possible that the 

increased polydactyly was due to the gain of Hoxd12 and Hoxd13. To challenge such 

functional compensation and test whether the cumulative sum of distal functional Hox genes 

controls digit number by modulating the digit period, we generated triple mutants carrying 

the Hoxa13−, HoxdDel11-13, and Gli3XtJ alleles (Fig. 2). Skeletal preparations of neonates of 

the triple-mutant allelic series showed a variety of patterning defects, including syndactyly 

(fused digits), brachydactyly (shortened digits), absence of joints, ventral bending of digits, 
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and delayed ossification. Most salient, however, was the clear trend toward increased digit 

number as progressively more alleles of distal Hox genes were removed in the absence of 

Gli3 (Fig. 2). The number of digits increased from 7 to 9 (typical of Gli3XtJ/XtJ) to 8 to 9 

when one functional allele of both Hoxa13 and Hoxd11-13 was removed; further, to 9 to 11 

when both Hoxd11-13 alleles were removed (23); and, finally, to at least 12 to 14 digits 

when only one copy of Hoxa13 remained (Hoxa13+/−;HoxdDel11-13/Del11-13;Gli3XtJ/XtJ) (Fig. 

2). The midgestational lethality of Hoxa13 homozygous mutants precluded their analysis at 

this stage. The increase in digit number as distal Hox genes were removed did not rely on 

increased AP handplate size, as in Gli3 single mutants (26), but rather on a reduced 

wavelength as digits were thinner and had narrower gaps between them, while remaining 

regularly spaced (Figs. 1A and 2). These phenotypes cannot be explained by a model of 

positional information based on a morphogen gradient.

To compare the principal phenotypes of the triple allelic series with our computational 

model, we analyzed Sox9 expression at E12.5, when the condensations are being laid down 

and the Turing mechanism should be operative. Quantification of these mutants confirmed 

that there was no strict correlation between the progressive increase in digit number and 

handplate size, which instead coincided with thinner, more densely packed digits (Fig. 3). In 

our computer model, both Hox levels and FGF signaling contribute to wavelength 

modulation (Fig. 4A). Thus, by progressively reducing the global contribution from the Hox 
genes (khox), the resulting ω gradient became lower, but also shallower (fig. S6), reflecting 

the shallower wavelength gradients quantified from the mutants (Fig. 4B). In this way, the 

model was able to reproduce the observed smooth series of Sox9 phenotypes in the Gli3XtJ/

XtJ background—both the increased number of digits and the greater tendency for 

bifurcations (Fig. 3 and supplementary text). Although the observed reduction in wavelength 

was strongest in the absence of Gli3, the same trend was clearly apparent in the Gli3+/+ and 

Gli3+/XtJ backgrounds (Fig. 4C and supplementary materials). In these cases, a reduced 

wavelength does not always produce a higher number of digits, because the AP width also 

decreases.

Our study highlighted a developmental delay in the appearance of the Sox9 pattern (fig. S2) 

and a reduction in the PD width of the digit-forming region (fig. S3). Theoretical analysis 

revealed that both features are naturally predicted by modulating gu in the model. The 

delayed patterning also supports the possible role of FGF signaling as a Turing modulator, as 

FGF4 treatment of micromass-cultured mesenchyme from limb buds sped up the appearance 

of the pattern (25). The simulated PD gradient of FGF signaling thus translates into a 

gradient of patterning speed, and further theoretical analysis revealed that this naturally 

predicts the progressive PD narrowing of the digital zone (fig. S6 and supplementary test). 

Below a certain Hox dose, the digital zone disappears entirely. Indeed, in triple mutants, no 

distinct digital condensations were scored, even at E13.5 (Fig. 3 and fig. S6).

In conclusion, our combination of genetics, quantitative analysis, and computer modeling 

reveals a missing piece of evidence for a Turing-type mechanism in digit patterning. 

Whereas numerous previous mutants have shown an abnormal digit number, evidence was 

lacking for a parameter that could smoothly tune digit wavelength. Our discovery and 

analysis of the smooth correlation between distal Hox gene number and digit wavelength 
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provides this evidence. Additionally, the link between wavelength deregulation and the 

appearance of digit bifurcations also strongly supports the role of distal Hox genes as 

wavelength modulators of an intrinsic self-organizing Turing-type mechanism responsible 

for digit patterning. Our model predicts that overexpression of Hox genes should increase 

the digit wavelength, although this may require careful temporal examination at the time the 

Turing mechanism is operating and may have a subtle effect if Hox genes are normally 

expressed at saturating levels (22). The model makes no prediction about the temporal 

sequence of digit condensations along the AP axis. Also, the probability of bifurcations may 

be reduced in more extreme mutants (such as Hoxa13+/−;HoxdDel11-13/Del11-13;Gli3XtJ/XtJ) 

due to the narrower digital region. Additionally, our analysis suggests a role for Gli3 in 

tuning the wavelength, but this observation is not as notable as the smooth trend seen in our 

distal Hox allelic series (Figs. 3 and 4C and supplementary materials).

Our results also permit a reassessment of distal Hox gene function in one of the most 

important vertebrate innovations: the fin-to-limb transition. The emerging consensus 

suggests that the genetic toolkit patterning fins and limbs is largely conserved, and the 

evolution of digits was driven by accumulated regulatory changes controlling the spatial and 

temporal deployment of that common toolkit (27–32). The reduction of the distal Hox gene 

number in the absence of Gli3, which renders Shh signaling irrelevant, resulted in mouse 

digits losing defining characteristics (pentadactyl constraint and segmented morphologies) 

and exhibiting patterns reminiscent of the endoskeleton patterns in chondrichthyan and basal 

actinopterygian fins (numerous, iterative, densely packed, infrequently segmented elements) 

(Fig. 5). Thus, our data provide evidence that an ancestral Turing-like mechanism patterning 

fins has been conserved in tetrapods and modified by the implementation of regulatory 

changes in the evolution of digits. In particular, our data suggest that the equilibrium 

resulting from the cross-regulation between Shh-Gli3 and distal Hox genes may have led to 

the stabilization of the pentadactyl state more than 360 million years ago.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
(A) Expression of Sox9 in E12.5 limbs of the Hoxa13;Gli3 allelic series. Note the delayed 

differentiation in the anterior mesoderm in the absence of Gli3. The curved white and yellow 

lines show the AP profiles used for the analysis of Sox9. The red arrowhead points to a digit 

bifurcation. WT, wild type. (B) Sox9 staining intensity along the yellow profile indicated by 

the curved arrow. AP length and the period of each digit (from minimum to minimum) are 

measured and shown for Hoxa13+/−;Gli3XtJ/XtJ. (C) Chart showing the average digit periods 

versus AP lengths for each profile and limb. A linear relation is observed in controls and in 

the Gli3XtJ/XtJ background for either the normal or heterozygous dose of Hoxa13, whereas a 

flatter relation that correlates with bifurcations (red arrowhead) is observed in the Hoxa13−/

−;Gli3XtJ/XtJ limbs (red line). The curved arrow marks the yellow point corresponding to the 

profile in (B). (D and E) Two simulations of the reaction-diffusion model inside an E12.5 

Gli3 mutant limb shape. (D) The activator concentration obtained in the simulation with a 

uniform modulation of wavelength ω (shown in the graph) shows digit bifurcation (red 

arrowhead) similar to the Hoxa13−/−Gli3XtJ/XtJ mutants. (E) The simulation result when 

wavelength is modulated according to a suitable PD gradient (in this case, a 2D gradient of 

simulated FGF signaling activity) avoids bifurcations, because the wavelength increases with 

increasing AP length. Limbs shown in all figures are forelimbs with distal to the right and 

anterior to the top.
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Fig. 2. 
Representative skeletal phenotypes of newborns of the Hoxa13;Hoxd11-13;Gli3 allelic 

series. Digit number (indicated for the Gli3XtJ/XtJ condition) increases as distal Hox dose is 

reduced. When only one functional copy of Hoxa13 remains (right column), the tip of the 

digits is connected by a continuous band of ossified (red) and cartilaginous (blue) tissue 

rimming the distal border of the limb and becoming more conspicuous as Gli3 copies are 

removed.
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Fig. 3. 
The phenotypes of triple mutants can be replicated by the Turing model. (Top) The first 

three rows show Sox9 expression at E12.5 and E13.5 for different combinations of the triple 

Hoxa13;Hoxd11-13;Gli3 allelic series. As more Hox are removed, the general trend shows 

an increase in digit number and a decrease in digit thickness. The trend is most strongly 

evident in the complete absence of Gli3 (third row). (Bottom) A similar behavior is shown 

by the reaction-diffusion simulations, where a decrease of the PD gradient used to modulate 

wavelength is correlated with reduced Hox dose (khox). Additionally, the model predicts a 

narrower digital region along the PD axis, which eventually shrinks to zero, and no pattern is 

formed.
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Fig. 4. 
(A) Schematic representation of the network of a general activator-inhibitor Turing model. 

The four reaction kinetic parameters are shown: fu, fv, gu, and gv. Fgf promotes a PD-graded 

distribution of the parameter fu to drive stripe orientation (gray dashed arrow). Hox and Fgf 

inhibit the parameter gu to increase the wavelength in a PD-graded manner (bold line). U, 

activator; V, inhibitor. (B) Graphs of the average digit period of the triple mutants with 

Gli3−/− background at four equidistant positions along the PD axis of the digital region. 

With the exception of Hoxa13+/−;HoxdDel11-13/Del11-13;Gli3XtJ/XtJ, a clear trend is observed: 

The PD gradient of wavelength is generally shallower as distal Hox genes are removed. (C) 

Graphs of average digit period (wavelength) versus distal Hox gene dose in the three 

different Gli3 backgrounds. A smooth positive correlation between Hox gene dose and 

wavelength is observed in all three cases.
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Fig. 5. 
Vertebrate limb evolution and distal Hox gene function. A phylogenetic tree of 

representative taxa and appendage skeletal patterns is shown, as well as corresponding distal 

Hox expression [in actinopterygians shown for Polyodon spathula (28)] and Gli3R gradient 

(when known). Genetically abrogating Shh signaling and reducing distal Hox function in 

mouse autopods (Hoxa13+/−;HoxdDel11-13/Del11-13;Gli3XtJ/XtJ) reveals ancestral skeletal 

characteristics shared with the pectoral fins of sharks (Chiloscyllium punctatum) and 

primitive ray-finned fishes (Polypterus senegalus): numerous, densely packed, and iterative 

elements, with a distal cartilaginous band corresponding to the distal radials of fish fins 

(arrows). The periodic pattern of skeletal elements evident in fins and mutant limbs strongly 

suggests that a self-organizing Turing-type mechanism of chondrogenesis is deeply 

conserved in vertebrate phylogeny. Our results further indicate that distal Hox gene dose 

regulates the number and spacing of skeletal elements formed, implicating distal Hox gene 

regulatory networks as critical drivers of the evolution of the pentadactyl limb.
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