Previously proposed models of patterning in planarian regeneration
Here we briefly review some of the existing efforts at modeling planarian patterning, to highlight the approaches that have been attempted and the benefits/limitations of each.
Gradient models of regeneration
Early studies into the regenerative capacities of different planaria species [1] gave rise to the original concept of a morphogenetic gradient [2] (for a historic background see [3]).  The idea was based on the frequency of successful regenerations as correlated to the original location of each fragment along the AP axis [4]. A plot of this regeneration frequency against location on the AP axis provided a characteristic “head-frequency curve” for each species [5].  This curve could vary greatly among species: from a flat, complete regenerative capacity in P. velata to an inverse, bell-shape capacity (lower on the center and higher at both ends) in P. dorotocephala [4].  Inspired by this descriptive gradient of regenerative capacity, it was suggested that gradients were in fact the reason planaria could regenerate.  More precisely, Morgan suggested that the observed polarity during regeneration was determined by the gradation of some materials or substances along the AP axis [6]. This head-to-tail gradient came to be thought of as either a head-promoting factor, highly concentrated in the anterior but low in the posterior, or conversely a head-inhibiting factor, with a low anterior concentration and a high posterior concentration [7]. Child proposed a variation of this gradient model, with the gradation arising in the rate of physiological processes in the organism [8,9]. Related to the concept of gradients is the organizer, which is broadly defined as a determiner or inductor of spatial developmental pattern [10,11].  Thus a gradient is an example of the output of an organizer, which can act as a source or a sink of such substance (Figure S1).
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Figure S1. Gradient model explains AP polarity. A cell located in the most posterior location (source) acts as an organizer, producing a diffusing substance (morphogen). The morphogen is eliminated in the most anterior location (sink), which forms a gradient concentration over the worm. In this way, the fate of a region (tail or head) is determined by the morphogen concentration (high or low) in that area. However, the model cannot explain how cells in either side of a cut, which are located virtually in the same position and are exposed to the same morphogen concentration, have different fates. For example, after cutting the worm along P1, the anterior-facing cells (red) will regenerate a head while the posterior-facing cells (blue) will regenerate a tail, being the morphogen concentration virtually identical in both sides. The same happens in other cut locations, such as P2.
The model of positional information extends the general concept of gradients and organizers, postulating the existence of a coordinate system that patterns the organism [12]. Specifically, a set of organizers cause a number of overlapping gradients of morphogen concentrations, with different thresholds causing different responses, and so different cell differentiation programs are induced based on different cell locations [13]. Theoretical calculations historically showed the physical plausibility of a morphogen diffusing between two regions [14]. In addition, the positional information model was complemented by the notion of positive-feedback cellular mechanisms, which explained the observed discontinuities in patterning and the persistence of the gradient after the initiating signal disappeared [15]. In summary, the current view of the gradient model consists of a fixed source of morphogen at a specific position that, through diffusion, produces gradations of morphogen concentration thus providing positional information to cells [16].
A number of specific models have been proposed to explain pattern formation by morphogenetic gradients in general or for specific signals or pathways (for reviews see [17,18]). In planaria, molecular studies have identified several morphogens that are well suited to act as the graded substances of these models [7], although no clear-cut consistent morphogen gradient has been reported.  In addition, interestingly, a gradient of mitotic activity in neoblasts along the AP axis has been reported [19].  Nevertheless, gradient models alone have difficulty explaining planarian regeneration.  The basic problem is that cells on either side of a cut are at virtually the same positional value but have drastically different fates (anterior-facing cells form the head while posterior-facing cells build a tail); moreover, when multiple cuts are made, the same fate (e.g., “head”) is adopted by cells that come from many different positional regions (Fig. S1, P1 vs. P2). These observations suggest the presence of long-range communication that is necessary to interpret gradient positions relative to the remaining tissue and its orientation. Likewise, the sequential patterning of a gradient predicts an equally sequential regeneration of the missing regions (i.e., the new cells generated at the wound should gradually occupy the position of the missing regions and form new structures corresponding to their location). In contrast, planarian regeneration proceeds according to an intercalation process by forming a blastema at the wound that regenerates only the most distant tissues, while the remaining missing parts are replaced by the old tissue through morphallaxis. Moreover, static morphogenetic gradients cannot account for the necessary overall remodeling that occurs as the planarian dynamically cycles between growth and degrowth.  Also, mechanisms based on simple gradients require something else in the organism to setup the gradient at the correct place and time (in contrast to reaction-diffusion gradient mechanisms, see section S1.3), and hence fall short of being by themselves a complete model of pattern formation. Indeed, the system would have to be able to restore sources of the morphogen, as the gradients have to be re-established in fragments after major regions of the body are cut away. Likewise, a head organizer gradient cannot explain the continued regeneration of secondary heads after amputation of gap junction inhibitor-treated worms [20], since the ectopic heads (and any induced organizer within them) are removed by the amputation.
Serial threshold theory of regeneration
Slack proposed a unique algorithmic model of planarian regeneration to cope with the difficulty of simple gradients to explain how, after head or tail amputation, the same cells close to the wound can correctly form either a tail or a head depending on the tissues remaining [21]. This model suggested that a worm is divided into discrete territories, due to the combination of a global gradient with an ordered coded sequence of threshold switches in the cells. The most posterior and anterior territories always have the minimum and maximum possible codes respectively in the ordered threshold sequence. Two processes of regeneration are defined in the model: bifurcation and decrementation. First, bifurcation establishes the polarity of the blastema. Neoblasts migrate to the wound to initiate blastema formation and, once in their new location, reset their anatomy code (switches) as follows: if the wound tissue has a higher coding than the original code of the migrated neoblast, then the blastema tissue is set to the maximum possible code; otherwise it is set to the minimum possible code.  Then, decrementation completes regeneration by orderly (from lower to higher codes) restoring the tissues that correspond to each code that should lie between the code of the wound and the new code of the blastema.
This model is able to explain the production of two-headed planarians from narrow trunk fragments, since the neoblasts that form the blastema would have the same code as the wound tissue and so behave according to a default option. The default option in planarians would be to set the maximum possible code, which would result in anterior (head) regeneration.  However, the model fails to explain the classical observation that following a transverse cut, the new pharynx forms in the old tissue rather than in the blastema [22].  Therefore, the serial threshold model also has trouble accounting for morphallaxis. 
Reaction-diffusion mechanisms of patterning
In a pioneering paper, Turing showed how a dynamical system based on reacting chemical substances can form self-generated, self-regulated spatial concentration patterns starting from a near-homogeneous configuration [23]. Effectively, a system of two substances that react with each other (with different diffusion rates) can explain the formation of many static and dynamic patterns found both in organic and inorganic matter. In particular, Meinhardt and Gierer have extensively studied reaction-diffusion mechanisms of biological pattern formation, discovering that a system only needs a self-enhancing reaction (local self-activation), coupled with an antagonistic reaction that acts on a longer range (long-range lateral inhibition), to be able to generate stationary concentration patterns from near-homogenously-produced substances [13,24,25]. Indeed, reaction-diffusion models can replicate most patterns found in biological systems [26];  moreover, molecular evidence in support for such models have been uncovered [16,27,28].
Reaction-diffusion mechanisms have been proposed as an explanation for the regeneration ability and maintenance of polarity in planaria. Specifically, a model consisting of two superimposed reaction-diffusion mechanisms has been proposed, formed from one head-inducer and one tail-inducer gradient with peaks at the extremes of the worm AP axis [29].  While a single reaction-diffusion mechanism could not account for different worm sizes, the dual model can.  It predicts that, after head or tail amputation, the corresponding gradient inhibitor fades away and a new self-enhancing activation is triggered, which in turn restores the lost gradient peak. Triggered by this newly formed gradient, the wound regenerates either the most anterior or posterior part (as appropriate), while the old tissue is repatterned to replace the remaining missing tissues. For this to function, the two reaction-diffusion mechanisms need to be coupled (e.g., sharing the inhibitor), otherwise the gradient peaks would not necessary appear at opposite sides [26]. Moreover, to ensure the original polarity is restored in small trunk fragments, it is necessary to include a “graded competence” mechanism in the model [30]. This mechanism consists of an additional persistent global gradient that will induce the formation of the main gradient peaks at the correct ends. 
It has been suggested that the planarian midline is formed by a morphogen produced by the DV border that acts as a long-range inhibitor of the local self-activated midline morphogen [30,31]. Interestingly, this is consistent with both the midline expression of slit (which maintains the ML axis) and the expression of ADMP (which helps restrict slit to the midline) at the boundary of the DV border [32,33]. Additionally, a reaction diffusion mechanism for planarian polarity was recently proposed based on the small molecules cAMP and ATP, which are widespread and diffuse via gap junctions [34]. The model is based on a single reaction-diffusion gradient, where a high concentration specifies head and a low concentration specifies tail. The model explains the polar (single head) to bipolar (double-headed) transition following GJC inhibition [19,20,35] as the result of changing from a high-low gradient to a high-low-high gradient (with a reduced wavelength) caused by the reduction of diffusion coefficient (from reduced GJC).  However, none of the planarian reaction-diffusion models can explain other observed regenerative characteristics, such as the triggering of regeneration by joining dorsal and ventral tissues [36], the formation of independent AP axes in four-headed planarians [20], or the mechanistic basis for neoblast migration [30]. 
Bioelectric-electrophoretic model
The bioelectric-electrophoretic model is the first model of planarian regeneration that included bioelectrical signals [37]; it was proposed as an explanation of the experiments done with external electric fields that caused polarity reversals during regeneration [38,39]. The model is based on the hypothesis of a brain inhibitory substance produced continually by the brain; this substance is negatively charged and diffuses throughout the worm due to the planarian’s natural bioelectrical AP field (negative in head regions and positive in tail regions). The model explains the normal planarian regeneration as follows: after an anterior amputation, the most anterior region remaining no longer receives the charged inhibitory substance produced by the missing brain; since the bioelectrical field continues driving the substance towards the posterior region, the wound region is soon depleted; this signals the formation of a new brain as the concentration falls below the threshold required for inhibition. On the other hand, a posterior amputation does not stop the production of the charged substance since the brain is retained; hence, its high concentration at the wound inhibits head formation and a tail is regenerated. Effectively, this model can explain the external control of polarity by electrical external currents [38,40] due to the halted (double heads) or reversed (polarity reversal) movement of the charged substance. However, the model cannot be applied simultaneously for the patterning along the other axes, since only one overall bioelectrical field with a single direction can be present at the same time. Recent efforts have added molecular-genetic details to the bioelectrical controls of patterning in planaria [20,35,41,42], but a comprehensive physiological model that integrates both the voltage gradients and the long-range gap junctional-communication remains to be formulated.
Dorso-ventral interaction model
The dorsal-ventral interaction model is based on the experimental grafting studies with reversed-DV grafts, where inverted grafts regenerate with ectopic heads or tails due the interaction of dorsal and ventral tissues [36]. The model suggests that during wound closure, the ectopic interaction between dorsal and ventral tissues acts as a trigger for blastema formation. Subsequently, the blastema functions as a signaling center, inducing intercalary regeneration of the missing tissues.  However, the model only works to explain the trigger mechanism (injury signal) that initiates regeneration, but does not address how the new tissue that results from the signal is appropriately patterned as either an anterior or posterior blastema.
Intercalary regeneration model
[bookmark: _GoBack]In a grafting experiment where two different regions are joined, planarian regeneration proceeds by forming exactly those structures missing between the now touching regions [43]. If one of the joining pieces is inverted, regeneration now proceeds until both sides are equivalent, even though existing structures are duplicated [21]. Consequently, a model has been suggested where each region of the worm has a positional value; regeneration occurs by recreating the missing regions of intermediate positional values which should lie between the value extremes of the two joined regions [44]. This mechanism, called intercalary regeneration, has also been found in other organisms [45]. While the planarian experiments described above involved the AP axis, intercalary regeneration has also been observed along the DV axis in planarians after transplantation of reversed DV grafts [36] and along the ML axis during ectopic grafting experiments [44,46].  However, this model is not sufficient to explain regeneration in non-grafting situations, where the blastema does not lie between two existing regions but rather occurs terminally at one end; in these experiments, a large part of the remaining tissue adopts the identity of missing regions, instead of being produced from a wound.
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