STEM CELLS AND REGENERATION IN PLANTS
Giovanni Sena

Department of Life Sciences,

Imperial College London, 
London, U.K.

Abstract.
Background. Plants are characterized by indeterminate post-embryonic development, evident for example in the continuous branching of shoots and roots. High competence to regenerate tissues  is another consequence of such intrinsic developmental plasticity in plants. It has been suggested that specialized groups of cells within plant meristems should be compared to stem cells in animals, but the utility of this label in the context of post-embryonic plant development and regeneration is often debated.
Summary. This paper is organized in three short sections, where key observations and experimental results – mainly in the model system Arabidopsis thaliana – on tissue regeneration in plants, stem cell activity and their role in regeneration are described. The main focus is maintained on the critical aspects of defining stem cell-ness in plants, particularly in the context of tissue regeneration. A number of recent excellent reviews are cited through the text, to give the reader the appropriate tools to dig deeper into the various stimulating topics introduced here.
Key Messages. Despite the remarkable somatic developmental plasticity characterizing post-embryonic development in plants, the use of the classic concept of stem cells has been imported from the animal literature with the goal to facilitate our understanding and description of plant developmental processes. It is not clear if this is the case, especially in light of recent experimental results on root regeneration in Arabidopsis mutants.
Introduction.
Even though multi-cellularity is likely to have evolved independently in plants and animals, some developmental processes seem to be present in both kingdoms. Regeneration is one of them. In fact, the regeneration of body parts – such as roots, shoots or leaves – is a common feature in plant life and can be studied to explore the intrinsic constraints within developmental biology.
Various examples of regeneration in animals are linked to the activity of adult stem cells[1]. Is it the same in plants? The modern concept of stem cell, originally emerged in the context of tissue homeostasis in animals[2], has been imported in the field of plant development, triggering some debate[3]. The exact role of stem cells in the mechanism of tissue regeneration in plants remains generally unclear. In this brief paper I highlight the main points currently under discussion on the meaning of stem cells within plant development and regeneration.
Regeneration in plants. 
The term regeneration is used to describe a wide spectrum of phenomena[4]. A first distinction can be made between reparative and restorative regeneration, where the former refers to repair of local wounding in a single tissues and the latter indicates the reconstruction of a whole structure, composed of multiple tissues, organ or even individual. Plants are capable of both kinds of regeneration, but in this paper I will focus on restorative regeneration and its relation to adult stem cells. 
One crucial aspect of plant life is post-embryonic development. A plant embryo is just a stripped-down version of the adult individual, typically with just one or two embryonic leaves (cotyledons) and one embryonic root. After germination, a plant will develop complex shoot and root structures, with numerous lateral shoots and roots, leaves and sometimes flowers. Crucially, the number of each of these appendices is variable throughout the life of an individual, and cannot be guessed by looking at the embryo. This is due to the remarkable plasticity of post-embryonic development in plants, which sustains the ability to (re)generate whole new organs such as roots, leaves or flowers, during adult life. 
The ectopic appearance of completely new organs is generally called de novo organogenesis, and can be easily observed in living plants (in situ) as well as artificially induced in tissue cultures in the laboratory (in vitro). In vitro regeneration became possible with the seminal work of Skoog and Miller, who showed how to obtain a proliferating mass of cells (callus) from plant extracts, and subsequently induce the ectopic development of roots or shoots by simply varying the ratio of two important phytohormones (cytokinin and auxin) in the culture medium[5]. This seems to hold to the extreme case where an entire plant can be regenerated from a single somatic cell[6]. 
A second class of regenerative processes in plant development is the very peculiar somatic embryogenesis, where true embryos are formed from somatic cells, either in situ or in vitro[7]. 
Finally, plants exhibit proper in situ organ regeneration such as the restoration of completely excised root tips (Fig. 1) or leaf margins, in some aspects reminiscent of organ regeneration in metazoans[8]. 
Stem cells in plants.

The modern definition of stem cells adopted for animal tissues calls for a population of cells that are (a) undifferentiated (i.e. without any molecular or morphological marker associated with cellular differentiation), (b) able to maintain the size of the population (self-renewal) through controlled proliferation, and (c) to generate various cell-types[9]. Property (b) and (c) imply some form of developmentally asymmetric cell division as well as multi-potency. Interestingly, it has been observed that the asymmetry of a division giving rise to both undifferentiated stem cells and cells committed to mature fates could manifest itself either deterministically at each single mitotic event, or statistically at the population level[10]. Stem cells are typically embedded in a cellular environment – called stem cell niche – that contributes to maintain them in an undifferentiated state and capable of asymmetric divisions[11].
A system optimized to maintain a relatively small pool of stem cells and at the same time to sustain fast growth through a high proliferation rate, might exhibit a second class of cells – termed transit cells – which act downstream of stem cells and amplify the half of their progeny that is committed to differentiation[9]. 
Plant continuous post-embryonic development requires the existence of an inexhaustible source of new cells. Apical meristems are the specialized regions at the apex of shoots and roots where continuous cell proliferation sustains growth through the lifetime of the individual[12]. Shoot and root branching, both manifestations of post-embryonic organogenesis, are dependent on the generation of new (lateral) meristems. Even though the histories of the two terms – stem cell and meristem – are separated[2], it  is tempting to draw a parallel between meristematic cells in plants and adult stem cells in animals. In fact, it can be argued that the described concepts of stem cell, stem cell niche and transit cell could be matched by specific cell populations within plant meristems[13]. While a complete review of this topic is clearly beyond the scope of this brief paper, the wide attention attracted by the concepts of stem cells and their niches in plant development can be deduced by recent excellent reviews and references therein[14]. 
It should be noted that, besides the growing body of work taking such labels for granted, the utility of adopting them in the context of plant development could still be debated today as it was ten years ago[3].
Let’s touch on some of the disputed points associated with the idea of stem cells in plants. 
It is generally understood that adult stem cells in metazoans are developed during embryogenesis and maintained during the lifetime of the individual as sub-populations segregated from the rest of differentiating somatic cells. In first approximation this seems to hold in animals both for germline stem cells and for adult somatic stem cells. It has been suggested that one potential advantage of this strategy is to hold on a pool of relatively undifferentiated cells which went through a limited number of mitotic events, and therefore – hopefully – with minimized accumulation of DNA mutations[9]. Interestingly, this idea of a segregated cell population does not apply to plants, where differentiated somatic cells can generate new adult somatic stem cells, for example during shoot and root branching, and even germlines as during flowering. Therefore, if a stem cell niche may be considered in animals a temporal capsule for embryonic genetic state, or a reservoir of the original zygotic genome, in plants each lateral meristem should be considered a new temporal capsule by itself, potentially containing a number of DNA mutations locally accumulated until the branching event. This seems to dilute one of the supposed advantages of including stem cells in a multi-cellular body. 

A second interesting point is related to the supposed peculiar plasticity of stem cells in an adult body. In plants, many somatic cell types can divide and replace neighboring dead cells, including stem cells themselves, as shown in spectacular laser ablation experiments in the root meristem of Arabidopsis[15]. Somatic differentiated cells can even regenerate an entire stem cell niche when excised, as shown for example in the regeneration of the whole root apex in Arabidopsis
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. What does this say about the distribution of cellular multipotency in an adult plant? If this is not a feature restricted to a localized sub-population of cells anymore, a definition of stem cell seems weakened, possibly less useful, maybe even confusing.
Finally, can we identify a stem cell transcriptional state in plants? This is an important question, which goes to the heart of stem cell-ness in the contest of developmental biology. It is a point that has been experimentally addressed both in the root[17] and in the shoot[18] apical meristems. Even though none of these results seems conclusive when considered one at the time, the search for a transcriptional network defining stem cell niches in plants can be considered just in its early steps. 
Taken together, the results described above raise the legitimate question whether it is actually helpful to introduce the special category of stem cells for plants.  Recent renewed efforts to draw even closer parallels between the cases for stem cell-ness in both the animal and plant kingdoms will certainly result in stirring once again the debate[19]. 
The role of stem cells in plant organ regeneration.
Most of the data currently available on the link between plant stem cells and organ regeneration comes from experiments on the model system Arabidopsis thaliana. In following the definitions indicated above, here I will focus on the case studies of in vitro organogenesis and in situ root regeneration. The first case refers to the possibility of regenerating plant organs by culturing explants and inducing callus, a tissue for a long time considered to be a quite disorganized mass of undifferentiated cells[20]. In fact, it has been recently shown that callus – whether derived from root or shoot explants – develops morphological and transcriptional analogies with root tissues[21].  Interestingly, mutants unable to produce the initial cell divisions required for the formation of a stem cell niche in a new lateral root will also show a significant reduction of callus-induced shoot and root in vitro organogenesis[21]. These and further supporting results reviewed in details in recent publications[8,22] suggest that in vitro organogenesis from callus recapitulates the developmental program of lateral root formation. Although the late generation of a shoot stem cell niche is required for shoot organogenesis from callus[23], and although transcriptional analyses of in vitro organ regeneration from callus have been carried out[24,25], it is still unclear whether a proper root stem cell niche is in fact required early in this process.
As already mentioned, a number of experiments in different plant species have shown that root tips can regenerate when decapitated[8]. This is true in Arabidopsis as well, where a completely new root apex will form within few days, with the same general proportions and internal organization of the uncut one
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. If the excision is performed to remove completely the root apical stem cell niche, this will simply reappear in the newly regenerated tissue through proliferation and re-patterning of the stump made of differentiated somatic cells
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. This appears more like the self-organization of a rather mature tissue, rather than the self-renewal of an undifferentiated niche. At smaller scale, the same phenomenon is observed following the already mentioned laser-assisted in situ wounding of the niche[15]. 
Surprisingly, regeneration occurs even in mutants where the apical stem cell niche fails early on in post-embryonic development, leading to stem cell differentiation, perturbation of the internal pattern and eventually bringing root growth to a stop
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. In this experiment, a mutant root is genetically unable to maintain viable stem cells, but will still regenerate a root apex – yet with a mutant phenotype and incapable of continuous growth. 
These results seem to separate continuous post-embryonic growth, which requires functional stem cells, from tissue regeneration per se, which at least in this example does not depend on functional stem cells. Instead, regeneration in either wild type or mutants does not happen if the root is decapitated in a way to eliminate the proximal transit cells as well
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, indicating that this population of proliferating but differentiating cells is necessary for the process. 
Conclusions.

A label can be quite useful in capturing the essence of a complex concept, and it becomes desirable if it simplifies the description of a wider process. Is this the case for the popular stem cell tag in the context of organ regeneration in plants? Here, I tried to highlight the remarkable plasticity found in plant post-embryonic development, where the idealistic uniqueness of a self-renewing population of multipotent cells appears thinned. The main question still remains, whether a precise definition of stem cell helps clarifying the phenomenon of regeneration in plants, and more in general their post-embryonic development.
From a more biological – and less semantic – point of view, it appears as if ageing adult metazoans required small pools of young cells capable of repairing and regenerating tissues otherwise incapable of post-embryonic development, while plants found in their intrinsic developmental plasticity the source of unlimited potential tissue regeneration. 
Should we not say that plants, in fact, continuously regenerate as they grow? 
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