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a b s t r a c t 

Planarian worms reproduce asexually by fission, resulting in two separated pieces each repatterning and 
regenerating a complete animal. The induction of this process is known to be dependent on the size of 
the worm as well as on environmental factors such as population density, temperature, and light inten- 
sity. However, despite much progress in understanding the signaling mechanisms of planarian regener- 
ation and the biomechanics of fissioning, no induction mechanism has been proposed for the signaling 
of fission. Here, we propose and analyze a cross-inhibited Turing system in a growing domain for the 
signaling of fission in planaria and the regeneration of the anterior-posterior opposite head and tail gene 
expression gradient patterns. This self-regulated mechanism explains when and where growing planaria 
fission, and its dependence on the worm length. Furthermore, we show how a delayed control mech- 
anism of the cross-inhibited Turing system explains the asymmetry of the resulting fragments, the in- 
duction of fission with an anterior amputation even in a short worm, the consecutive multiple fissions 
called fragmentation, and the effects of environmental factors in the signaling of fission. We discuss the 
possible molecular and biophysical implementations of the proposed model and suggest specific experi- 
ments to elucidate them. In summary, the proposed controlled cross-inhibited Turing system represents 
a completely self-regulated model of the fission and regeneration signaling in planaria. 

© 2019 Elsevier Ltd. All rights reserved. 

1. Introduction 

Planarians have the capability to repattern and regenerate their 
complete bodies, including their complex organs, from almost any 
amputation ( Lobo et al., 2012 ; Cebrià et al., 2018 ; Forsthoefel and 
Newmark, 2009 ; Reddien and Sánchez Alvarado, 2004 ). This ex- 
traordinary regenerative capacity lets them reproduce asexually by 
fissioning their bodies through a plane normal to the anterior- 
posterior axis, which results in two separated worm pieces each 
regenerating a complete new worm ( Best et al., 1969 ; Yang et al., 
2017 ). The execution of fission can be explained through biome- 
chanics including local constriction, pulsation and transverse rup- 
ture, yet the induction signaling molecular mechanism con- 
trolling when and where the worms fission remains unknown 
( Malinowski et al., 2017 ). 

Fission in planaria can be affected by several internal and ex- 
ternal factors. One of the primary factors that induces fission is 
worm length. In a 4-day span experiment, isolated Dugesia doroto- 
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cephala planarian flatworms of short lengths (6 to 8 mm) do not 
fission, 15% of medium worms (10 to 12 mm) fission, and 40% 
of long worms (15 to 17 mm) fission ( Best et al., 1969 ). Simi- 
larly, the area size of Schmidtea mediterranea planarian flatworms 
positively correlates with the probability of fission ( Thomas et al., 
2012 ; Quinodoz et al., 2011 ), and worms shorter than 4–5 mm do 
not fission ( Arnold et al., 2019 ). Dugesia japonica fission only after 
reaching a body length of 8 mm ( Sakurai et al., 2012 ), while Gi- 
rardia tigrina fission probability depends on the previous fissions—
a generational memory effect—in addition to its size ( Yang et al., 
2017 ). Amputation of anterior areas increases the fission prob- 
ability in planaria ( Best et al., 1969 ; Malinowski et al., 2017 ; 
Child, 1910 ), which suggests that the anterior region produces in- 
hibitory signals that prevent fission ( Newmark and Alvarado, 2002 ; 
Brøndsted, 1969 ). Although the posterior fragments in flatworms 
rarely fission further until regeneration is complete and the worm 

grows longer ( Best et al., 1975 ), the anterior fragments can un- 
dergo multiple consecutive divisions within a short time span 
( Quinodoz et al., 2011 ; Best et al., 1975 ) along vulnerable planes 
along the anterior-posterior axis ( Arnold et al., 2019 ), a process re- 
ferred to as fragmentation ( Thomas et al., 2012 ). Importantly, the 
Wnt and TGF β signaling pathways have been shown to participate 
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in fission signaling: RNA interference (RNAi) of β-catenin, actR-1, 

smad2/3, and wnt11-6 reduces fission frequency, whereas RNAi of 
apc increases fission frequency ( Arnold et al., 2019 ). Additionally, 
environmental factors can affect the fission probability at a given 
length. Higher population density increases social physical inter- 
action, which can inhibit the fission signaling ( Best et al., 1975 ; 
Best et al., 1974 ; Pigon et al., 1974 ). Conversely, higher temper- 
atures shorten the length at which planarians fission ( Handberg- 
Thorsager and Saló, 2007 ), in the same way than darker environ- 
ments ( Morita and Best, 1984 ; She ̆ıman et al., 2003 ). Despite this 
comprehensive experimental knowledge of the fission behavior in 
planaria, no mechanistic explanation has been proposed for the 
signaling of fission or fragmentation. 

Although no model exists for planarian fission, the pattern 
and regeneration of the planarian head and tail signals can 
be explained by models based on Turing self-organizing sys- 
tems of pattern formation ( Turing, 1952 ) and its later develop- 
ments as reaction-diffusions systems ( Gierer and Meinhardt, 1972 ; 
Meinhardt and Gierer, 1974 ). The molecular basis of Turing systems 
have been found in many developmental processes, including the 
patterning signaling of digits, feathers, hairs, intestinal villus, rug- 
gae, turtle shells, and others ( Sharpe, 2017 ; Raspopovic et al., 2014 ; 
Moustakas-Verho et al., 2014 ; Economou et al., 2012 ; Glover et al., 
2017 ; Walton et al., 2015 ). In the case of planarian regeneration, 
a Turing system forming a graded anterior-posterior expression of 
head or tail morphogen signal can maintain and repattern itself af- 
ter amputations ( Meinhardt, 1982 ; Meinhardt, 2009 ). In addition, 
it has been suggested that the scale-free property of planarian 
worms where the head-tail gradient patterns are maintained at 
different worm lengths are due to an additional expander mor- 
phogen controlling the reaction-diffusion system ( Werner et al., 
2015 ), yet this system cannot explain the fission in planaria. 
Importantly, Turing systems can account for the dynamic in- 
sertion and spacing of the pattern peaks in growing domains 
( Crampin et al., 2002 ; Crampin et al., 2002 ; Crampin et al., 1999 ) as 
it has been shown in models of hydra budding, fish pigmentation, 
teeth primordia, and digit formation ( Meinhardt, 1993 ; Kondo and 
Asai, 1995 ; Kulesa et al., 1996 ; Miura et al., 2006 ). 

Molecular assays have shown several genes in planaria form- 
ing anterior-posterior expression gradients ( Sureda-Gómez et al., 
2016 ; Lander and Petersen, 2016 ), which can represent the molec- 
ular basis of the Turing system controlling the head and tail 
pattern. The Wnt/ β-catenin signaling pathway form tail-to-head 
gradients while the ERK/FGFRL signaling pathway form head-to- 
tail gradients, both being essential for the correct patterning of 
the anterior-posterior axis in planaria ( Lander and Petersen, 2016 ; 
Scimone et al., 2016 ; Umesono et al., 2013 ; Umesono, 2018 ). RNAi 
of β-catenin prevents the regeneration of tails and results in 
double-head worms ( Gurley et al., 2008 ; Iglesias et al., 2008 ; 
Petersen and Reddien, 2008 ) whereas its inhibition with RNAi of 
APC prevents the regeneration of heads and results in double-tail 
worms ( Gurley et al., 2010 ). Molecular evidence shows that the 
head-signaling or the tail-signaling gradients are maintained even 
in RNAi-treated double-head and double-tail worms, respectively, 
which suggests that these two gradients are auto-regulated inde- 
pendently and mutually inhibited ( Stückemann et al., 2017 ). From 

a formalized dataset of planarian regenerative functional exper- 
iments ( Lobo et al., 2013 ; Lobo et al., 2013 ), a dynamic spatial 
model comprising the regulation of 7 essential genes was reverse- 
engineered to be able to recapitulate the regeneration dynamics af- 
ter amputations, genetic knock-downs, and pharmacological inter- 
ventions ( Lobo and Levin, 2015 ; Lobo and Levin, 2017 ) and predict 
novel signaling pathways in planarian regeneration ( Lobo et al., 
2016 ). 

Here we propose that a Turing system can self-regulate the 
anterior-posterior opposite head and tail gradients in planaria for 

not only its maintenance and repatterning after amputations, but 
also for the signaling of fission. We show that a cross-inhibited 
Turing mechanism in a growing domain can self-regulate to in- 
sert new intercalated tail and head peaks, which signals when and 
where the worm fissions. Furthermore, a control signal produced 
anteriorly by the head morphogen can regulate the length scale 
of the Turing system, and explain the asymmetry of the resulting 
head and tail fragments, the induction of fission by anterior am- 
putations in short worms, the multiple consecutive fissions during 
fragmentation, and the effects of environmental factors on fission. 
We mathematically analyze the proposed model and show with 
numerical simulations its predictive power for when and where 
planarian worms fission under different conditions. 

2. A cross-inhibited Turing system explains the self-regulation 

of planarian fission 

Introduced by Turing (1952) , classical reaction-diffusion sys- 
tems can form self-regulated patterns of graded and periodic high 
and low levels of expression. This mechanism can explain the pla- 
narian head and tail ( Fig. 1 A) self-regulated gradient signals with 
a peak in the anterior end, signaling the location of the head, 
and a peak in the posterior end, signaling the location of the tail, 
that can self-form, adjust to the length of the domain, and regen- 
erate after perturbations such as amputations ( Meinhardt, 1982 ; 
Schiffmann, 2011 ). In addition, the head and tail organizers must 
be independent in order to explain the double head and double tail 
phenotypes ( Stückemann et al., 2017 ). Following the simplest ver- 
sion of the Gierer-Meinhardt kinetics in a one-dimensional domain 
with zero flux boundary conditions ( Gierer and Meinhardt, 1972 ), 
such double Turing system ( Fig. 1 B) can take the form 

∂ t a H = 
µa 

(

a 2 H + ρ
)

b H 
− νa a H + D a ∂ 

2 
x a H 

∂ t b H = µb a 
2 
H − νb b H + D b ∂ 

2 
x b H 

∂ t a T = 
µa 

(

a 2 T + ρ
)

b T 
− νa a T + D a ∂ 

2 
x a T 

∂ t b T = µb a 
2 
T − νb b T + D b ∂ 

2 
x b T , (2.1) 

where a H and b H are the activator and inhibitor of the head signal- 
ing, a T and b T are the activator and inhibitor of the tail signaling, 
respectively, µa and µb are the production rates, νa and νb are 
the decay rates, and D a and D b are the diffusion coefficients of the 
activators and inhibitors, respectively, and ρ is a basal production 
of the activators. This system forms a regular array of peaks and 
troughs in both the activators and inhibitor morphogens, forming 
periodic patterns with characteristic length scales for the activator 
and inhibitor depending on the diffusion and decay rates 

λa = 

√ 

D a 

νa 
, 

λb = 

√ 

D b 

νb 
. (2.2) 

This double Turing system can maintain a stable steady-state 
with non-overlapping head and tail peaks at each end of the do- 
main, that correctly re-patterns after amputations forming new 

non-overlapping head and tail peaks at each end of the domain 
( Fig. 1 B’). However, due to the constant length scale of the sys- 
tem, when the domain increases in size (as in a growing worm) 
the head and tail gradient patterns degenerate into patterns with 
overlapping peaks at both ends, and further growth forms overlap- 
ping peaks inserted in the middle of the domain ( Fig. 1 B’’). 

As a solution for the loss of end peaks with growing domains 
in the classical Turing system, a self-scaling system have been pro- 
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Fig. 1. Two independent Turing mechanisms can explain the planarian regeneration of opposite head (red) and tail (green) anterior-posterior morphogen gradients after an 
amputation, but a cross-inhibited Turing mechanism can additionally explain the fission signaling in a growing worm. (A) Schmidtea mediterranea planarian worm and its 
cartoon representation indicating body regions and anterior and posterior directions; cartoon eyes represent head and pointed shape represents tail. (B) A classic Turing 
system independently controlling opposite head and tail gradients can self-regenerate after a worm amputation (B’), but in a growing worm the two opposite gradients 
degenerate into an overlapping gradient with peaks at both the anterior and posterior ends (B’’). (C) A Turing system with an expander scaling mechanism also regenerates 
the correct head and tail gradient patterns after an amputation (C’), but although it maintains the correct opposite head and tail gradient patterns in a growing worm, it 
cannot predict the signal for fission when the worm reaches a certain length (C’’). (D) A cross-inhibited Turing system regenerates the correct pattern after an amputation 
(D’) and correctly predicts the fission signaling in a growing worm by producing two new intercalated tail and head peaks when the worm reaches a certain length 
(D’’). Morphogens: a H head activator, b H head inhibitor, a T tail activator, b T tail inhibitor. Parameters: (B) µa , νa = 0 . 1 , µb , νb = 1 , ρ = 0 . 01 , D a = 0 . 001 , D b = 0 . 1 ; (C) as in 
( Werner et al., 2015 ); (D) σ = 5 , all others as in (B). Units are arbitrary.(For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

posed for planarian worms ( Werner et al., 2015 ). The classical Tur- 
ing system is extended with an expander morphogen inhibited by 
the inhibitor, and that inhibits both the activator and inhibitor. Fol- 
lowing the original formulation based on Hill equations, this sys- 
tem can be implemented independently for both the head and tail 
gradients ( Fig. 1 C) with 

∂ t a H = 
µa a 

h 
H 

a h 
H + b h 

H 

− νa e H a H + D a ∂ 
2 
x a H 

∂ t b H = 
µb a 

h 
H 

a h 
H + b h 

H 

− νb e H b H + D b ∂ 
2 
x b H 

∂ t e H = µe − νe b H e H + D e ∂ 
2 
x e H 

∂ t a T = 
µa a 

h 
T 

a h 
T + b h 

T 

− νa e T a T + D a ∂ 
2 
x a T 

∂ t b T = 
µb a 

h 
T 

a h 
T + b h 

T 

− νb e T b T + D b ∂ 
2 
x b T 

∂ t e T = µe − νe b T e T + D e ∂ 
2 
x e T , (2.3) 

where e H and e T are the expanders for the head and tail systems, 
respectively, µe , νe , and D e are the production, decay, and diffusion 
rates for the expanders, respectively, and h is the Hill coefficient. 

The self-scaling Turing system can maintain and regenerate 
the correct gradients after amputations as in the classical system 

( Fig. 1 C’), but it prevents the merging of the head and tail peaks 
in a growing domain by proportionally scaling the head and tail 
gradients ( Fig. 1 C’’). This scaling is due to the decrease of the ex- 
pander concentration with domain length, which decreases the ef- 
fective decay rates of the activators and inhibitors, resulting in a 
proportional increase in length scale ( Eq. (2.2) ). However, since 
the system scales over several orders of magnitude, it cannot pro- 
duce new head and tail peaks when the domain reaches a certain 
length—the mechanism we suggest here as responsible for the pla- 
narian fission. 

We propose a cross-inhibited Turing system for the signaling 
of planarian fission. The cross-inhibition can be formulated in the 
classical reaction-diffusion system by inhibiting the head activator 
with the tail inhibitor, and, conversely, inhibiting the tail activator 
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with the head inhibitor ( Fig. 1 D). Extending Eq. (2.1) , this system 

takes the form 

∂ t a H = 
µa 

(

a 2 H + ρ
)

b H ( 1 + σb T ) 
− νa a H + D a ∂ 

2 
x a H 

∂ t b H = µb a 
2 
H − νb b H + D b ∂ 

2 
x b H 

∂ t a T = 
µa 

(

a 2 T + ρ
)

b T ( 1 + σb H ) 
− νa a T + D a ∂ 

2 
x a T 

∂ t b T = µb a 
2 
T − νb b T + D b ∂ 

2 
x b T , (2.4) 

where σ modulates the strength of the cross-inhibition. The clas- 
sic Turing system (2.1) is a special case of this generalized system 

when σ = 0 . 
Like the classic system, the cross-inhibited Turing system can 

maintain and regenerate the correct opposite head and tail gradi- 
ents after amputations ( Fig. 1 D’). However, in a growing domain 
the patterns do not merge into overlapping peaks, but they are 
correctly maintained in the opposite ends of the anterior-posterior 
axis. Furthermore, when the growing domain reaches a critical 
length, a new pair of intercalated tail and head peaks form be- 
tween the original head and tail peaks at opposite ends ( Fig. 1 D’’). 
Here we propose that these new tail and head peaks forming 
two sequential head-tail gradient patterns are precisely the self- 
regulated signals that produce the fission in planaria. These new 

sequential tail and head signal peaks located midway along the 
anterior-posterior axis can represent the early signals for the de- 
velopment of tail and head morphological structures in the trunk 
region, which then trigger all the biomechanical mechanisms that 
execute the self-tearing during fission due to an ectopic tail sig- 
nal anterior to a head signal and, vice versa, an ectopic head sig- 
nal posterior to a tail signal. In this way, the cross-inhibited Turing 
system is the main regulator of when and where planaria fission. 

3. Analysis of the cross-inhibited Turing system 

A Turing system forms spatial patterns when it exhibits 
diffusion-driven instability, also called Turing instability. For this, 
the system without diffusion must be stable in the homogeneous 
steady state and the system with diffusion unstable to small spatial 
perturbations ( Murray, 2003 ). To test these stability conditions, we 
use classic linear stability analysis of the system about the equilib- 
rium state. 

We generalize a Turing system in one spatial dimension, such 
as (2.4) , with 

∂ t c = f ( c ) + D ∂ 2 x c , (3.1) 

where c is the morphogens vector, f is the production and de- 
cay rate equations, and D is the diagonal matrix of the diffusion 
rates for each morphogen. Let c 0 be a homogeneous steady state of 
(3.1) such that f ( c 0 ) = 0 . Linearizing about the steady state c 0 , we 
set a perturbation w = c − c 0 and, with | w | being small, (3.1) be- 
comes 

∂ t w = Jw + D ∂ 2 x w , (3.2) 

where J is the Jacobian matrix of f with respect c evaluated at the 
steady state c = c 0 . 

Analyzing the long term behavior of the perturbation, we can 
determine the stability of the system in the absence and presence 
of diffusion ( Baker et al., 2008 ; Smith and Dalchau, 2018 ). On a 
domain x ∈ [0, L ] with zero-flux boundary conditions, the solutions 
of (3.2) take the form 

w = w 0 e 
λt cos kx, k = 0 , 

π

L 
, 
2 π

L 
, 
3 π

L 
, . . . (3.3) 

where λ are the eigenvalues of J and k are the wavenumbers of the 
eigenmode. Substituting Eq. (3.3) into (3.2) and cancelling e λt cos kx 

results in 

λw 0 = J w 0 − k 2 D w 0 , (3.4) 

which simplifies into 
(

λI − J + k 2 D 
)

w 0 = 0 . (3.5) 

The nontrivial solutions for the eigenvalues λ can be deter- 
mined with the characteristic polynomial 
∣

∣λI −
(

J − k 2 D 
)
∣

∣ = 0 , (3.6) 

which roots are the eigenvalues of J − k 2 D . We then can use the 
dispersion relation to find the eigenfunctions that are linearly un- 
stable. Denoting by σJ −k 2 D the spectrum of eigenvalues of J − k 2 D , 
the dispersion relation becomes 

h 
(

k 2 
)

:= max 
{

ℜ 
(

σJ −k 2 D 

)}

. (3.7) 

The two conditions for the system to exhibit diffusion-driven 
instability and hence form Turing patterns are h (0) < 0, that is that 
the real part of the eigenvalues at k = 0 are all negative, for the 
system without diffusion to be stable in the homogeneous steady 
state, and ∃ k ∗ � = 0 | h ( k ∗) > 0, that is the existence of at least one 
wavenumber k ∗ � = 0 with a corresponding eigenvalue λ∗ with a 
positive real part, for the system with diffusion to be unstable. 

We apply this stability analysis to the cross-inhibited Turing 
system (2.4) . Fig. 2 A shows the bifurcation diagrams of the system 

with different values of cross-inhibition strength σ when varying 
the inhibitors diffusion constant, D b , and decay constant, νb , over 
large ranges. The light blue regions correspond to systems that ful- 
fill the first condition for Turing instability ( h (0) < 0) but not the 
second ( ∃ k ∗ � = 0 | h ( k ∗) > 0), while the dark blue regions correspond 
to systems that fulfill both conditions and hence form Turing pat- 
terns. Notice that when the cross-inhibition strength σ = 0 , the 
cross-inhibited Turing system degenerates into the classical Turing 
system (2.1) . The results show that adding the cross-inhibition to 
the classical Turing system alters the boundary of the parameter 
space that leads to patterns, yet many parameters form patterns in 
both systems. 

We next numerically analyze the basins of attractions of the 
cross-inhibited Turing system in a growing domain. Starting with 
a stable and opposite head and tail gradients, we simulate the 
worm growth by increasing the domain length at a constant speed, 
slow enough to reach the basin of attraction at each length. Fig. 2 B 
shows the patterns formed by the system in the growing domain 
varying the cross-inhibition strength σ and a length scale factor 
γ . With cross-inhibition strength σ = 0 , the system degenerates to 
the classical Turing system (2.1) , and the opposite head and tail 
gradients develop into overlapping gradients, as shown in Fig. 1 B’’. 
The same behavior occurs with weak cross-inhibition strengths, 
and the patterns become more transient at longer domains. At 
cross-inhibition strengths of 1 and above, the system follows the 
same transition from an opposite head and tail gradients pattern to 
the intercalated head-tail, head-tail gradients pattern at a specific 
domain length. Varying the length scale of the system by a factor 
γ , equally dividing both inhibitor parameters ( ν∗

a = 
νa 
γ , ν∗

b 
= 

νb 
γ ), 

results in the basins of attraction being displaced and the forma- 
tion of the new intercalated head and tail peaks being moved to- 
wards longer domains. 

4. Fission induced by intercalation of new tail and head 

gradient peaks 

We demonstrate how the sequential tail and head gradient 
peaks inserted in the middle area of the anterior-posterior axis by 
the cross-inhibited Turing system can signal planarian fission. For 
this, the simulation now includes an automatic domain fission at 
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Fig. 2. Analysis of the cross-inhibited Turing system. (A) Bifurcation diagrams for different cross-inhibition strength σ . The light blue region indicates parameter values for 
which the homogeneous equilibrium is stable; the dark blue region indicates parameter values forming a diffusion-driven instability and hence forming a Turing pattern. 
(B) Basins of attraction in a growing domain from 0.5 to 4 units of length and starting with opposite head-tail gradients in steady state, with respect cross-inhibition 
strength σ and length scale factor γ . Pattern numbers ( m , n ) indicate whether the head morphogen has a peak touching both ( m = 3 ), only the posterior ( m = 2 ), only the 
anterior ( m = 1 ), or none ( m = 0 ) of the boundaries, and the total number of head peaks in the pattern ( n ). Unless otherwise noticed, parameters values as in Fig. 1 D.(For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

the middle point between any sequential anterior-to-posterior tail- 
head gradient peaks self-formed by the model (a peak is consid- 
ered formed when it reaches at least 75% of the morphogen range). 
Fig. 3 A shows such a simulation in a growing domain. New tail 
and head peaks form in the center area when the worm reaches a 
certain length, which automatically triggers the fission of the do- 
main at the midpoint between the new tail and head peaks. Fol- 
lowing fission, the correct opposite head and tail gradients are self- 
regenerated in the resulting new two worms. 

In a growing domain, the process of fission is triggered recur- 
rently, as shown in Fig. 3 B with a continuous plot of the head and 
tail activator levels along a growing domain over one order of mag- 
nitude. New tail and head peaks are formed around the center of 
the domain, which then triggers the fission of the domain when- 
ever the domain reaches a certain length (about 1.5 units of length 
with these parameters—arbitrary units). After each fission, the two 
new head and tail gradients self-adapt to the new domain lengths, 
and their peaks shift to the opposite ends of the domain. Three 
rounds of fission are shown. Fig. 3 C shows cartoon diagrams of 
the planarian worm morphology corresponding to the expression 
patterns and fissions in Fig. 3 B. In this simulation, only the most 
anterior and posterior domains grow, and hence only the worms 
representing those domains fission. 

5. A delayed control mechanism for the cross-inhibited Turing 

system explains the induction of fission after anterior 

amputations and asymmetrical fission in posterior locations 

Anterior amputations in planaria, but not posterior, induce fis- 
sion even in worms of short length, a behavior that can be re- 

capitulated by the cross-inhibited Turing system by introducing a 
delayed control mechanism. A morphogen being produced in the 
anterior region—possibly by the head activator—can control the 
length scale of the system by inhibiting the degradation of both 
the activator and inhibitor morphogens (an alternative mechanism 

could be to enhance the diffusion constants). In this way, an ante- 
rior amputation removes the anterior region, which produces the 
control morphogen, and hence results in the decrease of the ex- 
pression levels of the control morphogen. The lower level of this 
signal reduces the length scale of the system, which induces the 
formation of new tail and head peaks, since the number of peaks 
is proportional to the length scale of the system. These new peaks 
trigger the fission of the worm, even when its length is short. It is 
important that the control morphogen is restored slower than the 
anterior head signals that produce it, so there is enough time for 
the system to maintain the shorter length scale and produce the 
new tail and head peaks that result in fission. 

The cross-inhibited Turing system in (2.4) can be extended with 
this delayed control mechanism by adding a control morphogen c 
being produced by the head activator a H through a signaling com- 
ponent d that does not diffuse and act as a delay (other delay 
mechanisms not needing an additional component are also pos- 
sible). The control morphogen c inhibits the decay of the activa- 
tor and inhibitor morphogens, effectively modulating the length 
scale of the Turing system. Fig. 4 A shows a diagram of the mech- 
anism. Extending the system in (2.4) , the equations for the con- 
trolled cross-inhibited Turing system become 

∂ t a H = 
µa 

(

a 2 H + ρ
)

b H ( 1 + σb T ) 
−

νa a H 
1 + τ c 

+ D a ∂ 
2 
x a H 
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Fig. 3. The self-regulatory dynamics of a cross-inhibited Turing system controls when and where the fission occurs. (A) The cross-inhibited Turing system forms itself new 

tail (green) and head (red) activator peaks between the end peaks when a growing worm reaches a certain length, which automatically signals the fission of the worm. The 
interface between the new tail and head peaks signals the time and location of the fission plane, which divides the growing domain into two. After fission, the head and tail 
gradient patterns self-adapt to their correct shapes due to the new lengths of the two newly formed domains. (B) Head and tail activator levels in a growing domain from 

0.5 to 5 units of length signal multiple rounds of fission. New tail and head peaks form and automatically signal the fission of the worm when the domain reaches a length 
of 1.5 units. (C) Diagram showing the worm morphology corresponding to the head and tail activator levels in the growing domain depicted in panel (B). Parameters values 
as in Fig. 1 D.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

∂ t b H = µb a 
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H −

νb b H 
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)

b T ( 1 + σb H ) 
−

νa a T 
1 + τ c 

+ D a ∂ 
2 
x a T 

∂ t b T = µb a 
2 
T −

νb b T 
1 + τ c 

+ D b ∂ 
2 
x b T 

∂ t c = µc d 
2 − νc c + D c ∂ 

2 
x c 

∂ t d = µd a 
2 
H − νd d , (5.1) 

where µc and µd are the production rates and νc and νd are the 
decay rates of the control morphogen and delay component, re- 
spectively, D c is the diffusion coefficient of the control morphogen, 
and τ is the strength of the control signal. The system (2.4) is a 
particular case of the system (5.1) when τ = 0 . 

The controlled cross-inhibited Turing system behaves similarly 
to the simple cross-inhibited Turing system in a growing domain 
but induces fission after an anterior amputation. Fig. 4 B shows how 

the system inserts new intercalated tail and head peaks that signal 
fission when the domain reaches a certain length (about 2 units 
of length with these parameters). However, an anterior amputa- 
tion induces the formation of new intercalated tail and head peaks 
that signal fission, as shown in Fig. 4 C. After the amputation, the 
worm is about 1 unit of length, yet new tail and head peaks form 

at this length, which is half the length of fission of an intact worm. 
This is due to the decay of the controller morphogen, since the 
head activator peak—its indirect regulatory enhancer through the 
delay component—was removed with the amputation. A lower con- 
centration level of the controller morphogen decreases the length 
scale of the Turing system, which induces the formation of new 

intercalated tail and head peaks, signaling fission even in a short 
worm. 

Planarians can fission asymmetrically, resulting in a longer an- 
terior fragment and a shorter posterior fragment. The controlled 
cross-inhibited Turing system can recapitulate this behavior when 
the length scales of the head and tail Turing systems are different. 
Since the controller morphogen c modulates the length scales of 
both Turing systems, model parameters resulting in a concentra- 
tion gradient of c can produce asymmetric fissions. Fig. 5 shows 
how the controller c forming a concentration gradient due to a 
slower diffusion parameter D c can induce fission with a posterior 
fragment length 40%, 30%, or 20% of the total worm length de- 
pending on the control strength τ (due to the asymmetrical ex- 
pression levels, here a peak is considered formed when it reaches 
at least 40% of the morphogen range). This posterior fission is due 
to the asymmetry of the length scale of the Turing system, which 
is higher anteriorly due to the higher levels of the controller mor- 
phogen and lower posteriorly due to the lower levels of the con- 
troller morphogen. 
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Fig. 4. A delayed mechanism controlling the cross-inhibited Turing system regulates the length scale of the system and explains the induction of fission with anterior 
amputations. (A) A fast-diffusible morphogen c enhances the production of all the morphogens in the head and tail Turing systems and is produced by the head activator 
a H through a slowly expressed non-diffusible species d , representing a different com ponent in the signaling pathway or the delay in the transcription and translation of the 
controller c . (B) Similar to the cross-inhibited Turing system, in an intact growing worm new head and tail peaks are formed, and hence fission is signaled when the worm 

reaches about 2 units of length. (C) However, an anterior amputation induces the formation of new head and tail peaks and hence fission, even in shorter worms of 1.25 
units of length. This early induction is due to the decay of the controller morphogen c after the anterior amputation removes the anterior peak of the head morphogen a H , 
which results in the Turing system length scale being decreased and hence the formation of new tail and head peaks in a shorter worm. Parameters values as in Fig. 1 D, 
except: νa = 0 . 5 , νb = 5 , µc = 5 , νc = 1 , µd = 0 . 05 , νd = 0 . 1 , τ = 5 , D c = 10 . 
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Fig. 5. Fission is induced in a more posterior location when the controller morphogen c forms a concentration gradient. (A) A lower-expressed and slower-diffusible controller 
morphogen c results in a concentration gradient with an anterior peak. (B) The concentration gradient of c results in the formation of new tail and head peaks in a more 
posterior location, and hence the fission of asymmetrical fragments due to the Turing system length scale being higher anteriorly and lower posteriorly. (C) A higher control 
strength τ produces fission in a more posterior location. Parameters values as in Fig. 4 , except: µc = 1 , D c = 0 . 2 , and τ as noticed. 

6. Analysis of the controlled cross-inhibited Turing system 

We apply the stability analysis to the controlled cross-inhibited 
Turing system (5.1) . Fig. 6 A shows the bifurcation diagrams of the 
system with different values of cross-inhibition strength σ when 
varying the inhibitors diffusion constant D b and decay constant νb 

over large ranges. Like in the cross-inhibited Turing system, the ad- 
dition of the controller pathway alters the boundary of the param- 
eter space that leads to patterns, yet many parameters form pat- 
terns in both systems. 

We next analyzed the basins of attraction in a growing domain 
starting with stable and opposite head and tail gradients. Increas- 
ing the control strength τ results in longer domains at which the 
worm forms the new intercalated tail and head peaks, and hence 
the length at which the worm fissions. This is due to the increasing 
of the system length scale when the control strength τ increases, 
since it is reducing the effective decay parameters in the head and 
tail activators and inhibitors. Varying the control morphogen pro- 
duction µc also changes with a positive correlation the length at 
which the worm forms the new intercalated tail and head peaks, 
and hence the length at which the worm fissions. This is because 

the direct effect of the morphogen production µc in the level of 
expression of the controller morphogen c , and hence a direct ef- 
fect in the length scale of the Turing system. 

7. Fragmentation due to a slower control mechanism 

Planarian worms can also exhibit multiple fissions in a short 
time span, a behavior called fragmentation. The controlled cross- 
inhibited Turing system can recapitulate this behavior when the 
morphogens in the controller pathway are expressed at a lower 
rate, as shown in Fig. 7 A. The original parameters produce a single 
fission in a growing domain from 0.5 to 3 units of length ( Fig. 4 B). 
However, Fig. 7 B shows how parameters that slow down the con- 
trol mechanism by reducing the production and decay rates of the 
controller morphogen and delay component result in two consec- 
utive fissions, at total domain lengths of about 1.5 and 1.75 units 
of length. The slowing down of the controller mechanism reduces 
the length scale of the system, and hence multiple fissions occur 
sequentially—a fragmentation. 

Further slowing down of the controller pathway with lower 
rates in the controller and decay morphogens increases the num- 
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Fig. 6. Analysis of the controlled cross-inhibited Turing system. (A) Bifurcation diagrams for different cross-inhibition strength σ , showing the parameter ranges forming 
Turing patterns (dark blue), or just being homogenously stable (light blue). (B) Basins of attraction in a growing domain from 0.5 to 4 units of length and starting with 
opposite head-tail gradients in steady state, with respect control strength τ of the interaction between c and the cross-inhibited Turing system, and control production µc . 
Unless otherwise noticed, parameters as in Fig. 4 .(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

ber of pieces during fragmentation. Fig. 7 C shows the behavior of 
the system with such further slowdown, which results in three fis- 
sions in the same growth span of 0.5 to 3 units of length. In sum- 
mary, the number of pieces obtained in a fragmentation depends 
on the levels of expression of the controller pathway, since it reg- 
ulates directly the length scale of the Turing system. 

8. Environmental factors affect fission through the controlled 

cross-inhibited Turing system 

Several environmental factors can affect the fission behavior in 
planarian worms: high population density, high light intensity, or 
lower temperatures inhibits fission. These effects on fission by en- 
vironmental factors can be explained through the control pathway 
in the cross-inhibited Turing system. By modulating the control 
production µc , through signals from the brain or physical alter- 
ations in molecular signals, the environmental factors can control 
the length at which the worm fissions or even prevent it altogether 
over a large range of worm lengths. 

Fig. 8 shows the fission behavior of the controlled cross- 
inhibited Turing system with different levels of control production 
µc , simulating its regulation by environmental factors. When the 
population density or light intensity is low, or the temperature is 
high, the control production µc is expressed at a lower level (simu- 
lated with µc = 1 ), which decreases the length scale of the system 

and hence increases the frequency of fission. Conversely, when the 
population density or light intensity is high, or the temperature is 
low, the control production increases its expression levels ( µc = 5 ) 
which lengthen the length scale of the system and hence lowers 
the frequency of fission. Higher expression levels due to the in- 
crease in control production ( µc = 50 ) can completely inhibit the 

fission of the worm over domain lengths of one order of magni- 
tude. 

9. Discussion 

We proposed and analyzed here a mathematical model for the 
signaling of asexual reproduction by fission in planaria. A cross- 
inhibited Turing system can maintain opposite head and tail gradi- 
ents, and then restore them in the correct locations after an ampu- 
tation. This self-regulated system hence can account for the home- 
ostasis and regeneration signaling of the head and tail morpho- 
logical structures in planaria. Furthermore, in a growing domain 
this same mechanism produces at a specific length new interca- 
lated tail and head peaks, which, similarly than after an amputa- 
tion, induce the early signals for the development of tail and head 
morphological structures, but in the trunk region. We suggest that 
these new intercalated tail and head early signals and developmen- 
tal structures trigger the biomechanical mechanisms that rip the 
worm into two pieces. Indeed, it has been long observed in pla- 
naria how “the new system gradually emerges from a part of the 
old” ( Child, 1911 ), and how the anterior and posterior regions act 
independently before fission ( Vandel, 1922 ). Moreover, an increase 
in neoblast proliferation similar than after an amputation has been 
observed in the fission area before the fission event ( Bueno et al., 
2002 ; Hori and Kishida, 1998 ) and inducing higher mitotic activity 
in neoblasts with RNAi of DjP2X-A results in a higher fission fre- 
quency ( Sakurai et al., 2012 ). After fission, the same Turing mecha- 
nism repatterns the two independent pieces, shifting the newly- 
formed and opposite head and tail peak gradients towards the 
ends of the anterior and posterior regions, respectively. In this way, 
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Fig. 7. A slower mechanism controlling the cross-inhibited Turing system produces worm fragmentations by further reducing the Turing system length scale, resulting in 
multiple sequential fissions. (A) Decreasing the production and decay constants in the control morphogens c and d slows the control mechanism of the cross-inhibited Turing 
system, which results in shorter length scales in the Turing system. (B) A slower control mechanism produces a fragmentation into three pieces in a growing domain from 

0.5 to 3 units of length. Each of the resulting pieces regenerate the correct head (red) and tail (green) gradient patterns. (C) A further slower control mechanism produces 
a fragmentation into four pieces in the same growing domain, each of them regenerating the correct head-tail worm patterning. Parameters as in Fig. 4 , except: µc = 5 

50 , 
νc = 1 

50 , µd = 0 . 05 25 , νd = 0 . 1 25 in (B) and µc = 5 
100 , νc = 1 

100 , µd = 0 . 05 50 , νd = 0 . 1 50 in (C).(For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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Fig. 8. Environmental factors can regulate the length at which the worm fissions by affecting the control production µc and hence the levels of expression of morphogen 
c , regulating the Turing length scale of the system. Population density and light intensity enhances the production of the control morphogen, whereas temperature inhibits 
it. A low population density, high temperature, and low light intensity environment lowers the production of the control morphogen, resulting in fission at about 1 unit of 
length. An environment with moderate levels results in fission at about 2 units of length. A high population density, low temperature, and high light intensity enhances the 
production of the control morphogen, resulting in no fission in worms below 5 units of length. Unless otherwise noticed, parameters as in Fig. 4 . 

the cross-inhibited Turing system specifies when and where pla- 
naria fission. 

We demonstrated how a signal produced anteriorly controlling 
the length scale of the Turing system can explain the induction 
of fission with an anterior amputation even in short worms. As 
shown by the model, when the head activator is lost due to an 
anterior amputation, the control signal expression level decreases, 
resulting in a shortening of the length scale. If this signal is ex- 
pressed with a delay with respect the head activator, the system 

forms new tail and head peaks in the trunk area, which results in 
the fission of the worm. This mechanism can also recapitulate the 
fragmentation in planaria when the control signal is expressed at 
slower rates. In this case, the length scale of the Turing system is 
not increased fast enough in the fissioned piece, resulting in two or 
more consecutive fissions. This mechanism may be responsible for 
the asexual reproduction by fragmentation observed in other or- 
ganisms such as annelids, which can divide into 2 to 13 fragments 
( Myohara et al., 1999 ; Bely and Wray, 2001 ). 

Different planarian species differ on their specific fission dy- 
namics, such as length at fission, location of the fission plane, and 
number of consecutive fissions during fragmentation. We showed 
how the different parameters of the model can account for this 
variability by altering the effective regulation of the length scale of 
the Turing system. Depending on the gradient of the control mor- 
phogen, the model can account for both fission at the center or 
posteriorly towards the tail, which results in an asymmetric fission 
as observed in several species. An alternative model using different 
parameters for the head and tail Turing systems could also result 
in different length scales for each Turing system, and hence pro- 
duce asymmetric fissions in a similar way. In addition, the inter- 
nal organs in planaria, specially the intestines and pharynx in the 
trunk region, may alter the patterns of expression and diffusion 
dynamics of these signals, which may explain why planaria fission 
pre- or post- pharyngeal, but not through the pharynx. 

Environmental factors affecting the planarian fission can be ex- 
plained by a regulation of the control signal. In an environment 
with a low-density population, low light intensity, or high temper- 
ature the control signal may be expressed at lower levels, which 
shorten the length scale of the Turing system and hence increases 
the frequency of fissions. Conversely, an environment with high- 
density population, high light intensity, or low temperature may 
increase the expression levels of the control signal, which increases 
the length scale of the system and hence decreases the frequency 
of fissions, or even inhibits them altogether for a large range of 
lengths. 

The interplay between the control mechanism and the cross- 
inhibited Turing system can explain the generational memory ef- 
fect observed in anterior or posterior pieces during their next 

fission or fragmentation ( Yang et al., 2017 ; Thomas et al., 2012 ; 
Quinodoz et al., 2011 ). Since the control morphogen is expressed 
anteriorly, a fissioned anterior piece may remain with a higher ex- 
pression level of the control signal, resulting in a larger system 

length scale and hence an inhibition of fission. Conversely, a fis- 
sioned posterior piece contains lower expression levels of the con- 
trol morphogen, and hence a shorter system length scale, which 
produces a second fission. Indeed, worms regenerated from pos- 
terior pieces fission again at shorter lengths than those regener- 
ated from anterior pieces ( Yang et al., 2017 ; Thomas et al., 2012 ; 
Quinodoz et al., 2011 ). However, the presented model is determin- 
istic and hence cannot recapitulate the stochasticity found in pla- 
narian fission. Towards this goal, future work will extend the pre- 
sented model with stochastic Turing systems on growing domains 
( Woolley et al., 2011 ). 

The morphogens of the presented Turing system have sev- 
eral molecular candidates, since many gene expression patterns 
are known to form independent but antagonistic gradients with 
peaks in the head or the tail ( Stückemann et al., 2017 ) as pre- 
dicted by the proposed model. The activator in the head Turing 
system ( a H ) can be a member of the ERK/FGFRL signaling pathway, 
such as an FGF-like ligand of receptor ndk, ndl-1, ndl-4 , or ndl-5 , 
all forming anterior expression peaks ( Lander and Petersen, 2016 ; 
Umesono et al., 2013 ). The inhibitor in the head Turing system 

( b H ) can be members of the Wnt/ β-catenin signaling pathway in- 
hibiting other members of the Wnt pathway to form the cross- 
inhibitory link, such as notum, sFRP-1 , or foxD , all forming anterior 
expression peaks ( Scimone et al., 2016 ). The activator ( a T ) and in- 
hibitor ( b T ) in the tail Turing system can be secreted proteins of 
the Wnt/ β-catenin signaling pathway, such as wnt1, wnt11-1 , and 
wnt11-2 , all forming posterior expression peaks and having positive 
and negative interactions between them ( Reddien, 2018 ). Impor- 
tantly, members of both FGFRL and Wnt signaling pathways have 
been found to form developmental Turing systems in other or- 
ganisms ( Marcon and Sharpe, 2012 ). The proposed delayed control 
mechanism can be implemented with members of the ERK/FGFRL 
signaling pathway, where the fast-diffusible controller c can be a 
FGF-like ligand and the non-diffusible delay component d a FGF- 
like receptor such as ndk , both forming anterior peaks ( Cebrià
et al., 2002 ). 

In addition to molecular mechanisms, periodic patterns simi- 
lar to reaction-diffusion Turing systems can be realized with cel- 
lular or mechanical mechanisms including non-linear local activa- 
tion and long-range inhibition to produce a periodic pattern and 
control its length scale ( Brinkmann et al., 2018 ). Hence, the com- 
ponents of the proposed cross-inhibition Turing system could be 
at least partially based on cellular properties such as differential 
cell movements as in zebrafish pigment cells ( Nakamasu et al., 
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Table 1 

Proposed validation experiments to test the cross-inhibited Turing system model and elucidate its possible physical implementation. 

Hypothesis Experiment Predicted outcome 

Molecular components In situ hybridization of ERK/FGFRL and Wnt 
pathways components ( Stückemann et al., 2017 ) 

Pre-fission intercalated high-low-high-low 

expression pattern for head genes and vice versa 
for tail genes 

RNAi of ERK/FGFRL pathway components 
( Lander and Petersen, 2016 ; Umesono et al., 
2013 ) 

Increase/decrease in fission frequency 

RNAi of Wnt pathway components 
( Scimone et al., 2016 ) 

Increase/decrease in fission frequency (validated 
in ( Arnold et al., 2019 )) 

RNAi of FGF-like ligands or ndk (controller/delay) 
( Cebrià et al., 2002 ) 

Increase in fission frequency 

Cellular components Reduction of cell motilities ( Endo et al., 2005 ) or 
lifetime ( Pellettieri et al., 2010 ) 

Decrease in fission frequency 

Reduction on length of cellular protrusions 
( Zeng et al., 2018 ) 

Decrease in fission frequency 

Mechanical components RNAi of cellular collagen and glycoproteins 
( Cote et al., 2019 ) 

Decrease in fission frequency 

Bioelectrical components Membrane voltage reporter assay ( Beane et al., 
2011 ; Beane et al., 2013 ) 

Pre-fission intercalated 
de-hyper-de-hyper-polarized voltage pattern 

Ion transport inhibitors ( Beane et al., 2011 ) or 
gap junction blockers ( Emmons-Bell et al., 2015 ) 

Increase/decrease in fission frequency 

Fission induction signals Neural markers ( Ross et al., 2017 ) or tracer 
injections ( Lerner et al., 2016 ) 

Pre-fission early cephalic ganglia formation 
posterior to the fission plane 

Grafting of trunk and head pieces into the trunk 
region ( Kobayashi et al., 1999 ) 

Induction of fission 

2009 ) or cell contacts through filopodia as in Drosophila bristles 
( Cohen et al., 2010 ), or mechanical tissue properties such as rigid- 
ity or elasticity ( Mercker et al., 2013 ) as in hydra body axis re- 
generation ( Livshits et al., 2017 ; Mercker et al., 2015 ). Bioelectri- 
cal mechanisms can also produce and perturb anterior-posterior 
patterns and participate in the control of planarian regeneration 
( Durant et al., 2016 ; Lobo et al., 2014 ), which suggests the presence 
of a bioelectricity-integrated gene and reaction controlling network 
( Pietak and Levin, 2017 ). 

Elucidating the molecular, cellular, or mechanical physical re- 
alization of the proposed cross-inhibited Turing system could be 
accomplished with targeted perturbations for each type of physi- 
cal mechanism to alter the length scale λa and λb of the system 

( Eq. (2.2) ) ( Hiscock and Megason, 2015 ) and observing the pre- 
dicted change on the minimal worm length that fissions, as shown 
in Fig. 2 . Table 1 summarizes a set of possible experiments to 
test the proposed model and its physical realization. Before fission 
occurs, the model predicts the presence of intercalated tail and 
head signal peaks around the plane of fission. A molecular mecha- 
nism could be tested using in situ hybridization to obtain the gene 
expression patterns of the ERK/FGFRL signaling pathway and the 
Wnt/ β-catenin signaling pathway before and during the fission of 
planaria and observe whether the components with anterior peaks 
form them anew posterior to the fission plane and those with pos- 
terior peaks form them anew anterior to the fission plane. Knock 
downs of ERK/FGFRL and Wnt pathway components forming the 
proposed cross-inhibited Turing system are predicted to alter the 
fission frequency of the worm, depending on the positive or neg- 
ative influence on the length scale ( Eq. (2.2) ). Indeed, it has been 
shown recently that knock-downs of activators in the Wnt path- 
way ( wnt11-6, dsh-B, β-catenin , or tsh RNAi) reduces the frequency 
of fission, while knock-down of an inhibitor in the Wnt pathway 
( apc RNAi) increases the frequency of fission ( Arnold et al., 2019 ). 
In addition, knock-downs of FGF-like ligands or ndk, the molecular 
candidates of the controller and delay mechanism, are predicted 
to increase the fission frequency since they will reduce the length 
scale of the system ( Fig. 8 ). 

A mechanism based on cellular movements could be tested 
by altering cell motilities ( Endo et al., 2005 ) or cell lifetime 
( Pellettieri et al., 2010 ), while a perturbation on the length of cel- 
lular protrusions could test a cellular mechanism via cell contacts, 

especially by targeting planarian pluripotent stem cells with high 
protrusions ( Zeng et al., 2018 ). A mechanical realization of the pro- 
posed mechanism could be tested by altering the material proper- 
ties of the connective tissue with RNAi of the collagen and gly- 
coprotein encoding genes found in planaria ( Cote et al., 2019 ). Fi- 
nally, a bioelectric-based mechanism could be tested by manipu- 
lating cellular membrane potentials with ion transport inhibitors 
( Beane et al., 2011 ) or gap junction blockers ( Emmons-Bell et al., 
2015 ) and observe a difference in fission frequency. In addition, a 
bioelectrical mechanism could be tested with a membrane voltage 
reporter assay ( Beane et al., 2011 ; Beane et al., 2013 ) and observe 
an intercalated de-hyper-de-hyperpolarized voltage pattern before 
fission occurs. However, these perturbations to elucidate the phys- 
ical realization of the model can have pleiotropic effects on other 
components, and hence control measurements need to be done to 
ensure that there are no indirect perturbances. As an alternative, 
the dynamics of cellular movements recorded in vivo ( Tasaki et al., 
2016 ) during planarian fission can be analyzed to infer a particular 
cellular interaction function with respect distance, which would be 
different for a molecular, cellular, or mechanical realization of the 
cross-inhibited Turing system ( Hiscock and Megason, 2015 ). 

The proposed model predicts ectopic tail and head signals, 
which may trigger the development of tail and head early mor- 
phological structures anteriorly and posteriorly, respectively, to the 
plane of fission. The brain is the most striking organ in the head, 
and hence the repatterning posterior to the fission plane may 
show evidence of cephalic ganglia formation as a precursor of the 
new brain. The rearrangement of these neural structures before 
fission may be tested at the bench with molecular neural mark- 
ers ( Ross et al., 2017 ) or with connectivity visualizations with in- 
jectable markers ( Lerner et al., 2016 ). In addition, transplanting 
trunk and head pieces to an intact worm can produce ectopic 
head and tail structures ( Rojo-Laguna et al., 2019 ; Kobayashi et al., 
1999 ), an approach that could be used to experimentally produce 
sequential ectopic tail and head structures, which the model pre- 
dicts to induce fission. 

In summary, planarians represent an extraordinary organism to 
test the patterning mechanisms predicted by Turing systems in 
growing domains and its molecular, cellular, mechanical, or bio- 
electrical implementation, which will pave the way for the under- 
standing of the signals governing morphogenesis and regeneration. 
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10. Methods 

PDE simulations were performed in a growing one-dimensional 
regular grid, where at a constant interval the domain was extended 
by a new grid cell and the morphogen expression levels linearly 
interpolated to the new domain size. All simulations started with 
a stable initial condition similar to a wild-type intact worm as 
shown in the figures: the head activator and inhibitor with a single 
peak in the anterior end of the domain, the tail activator and in- 
hibitor with a single peak in the posterior end of the domain, and, 
when applicable, the controller and delay products with a single 
peak in the anterior end of the domain. The system was numeri- 
cally solved with a generalized Runge-Kutta fourth-order solver us- 
ing ROWMAP ( Weiner et al., 1997 ). Simulation computations used 
MATLAB R2017b (The MathWorks, Inc.). Stability analysis used an 
analytical solver to calculate the roots of the system, Jacobian, 
and eigenvalues, and a numerical evaluation (as in ( Smith and 
Dalchau, 2018 )) for the dispersion relation. Analysis computations 
used Mathematica 11.3 (Wolfram Research, Inc.). 
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