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Multicellular organisms possessing relatively long life spans are subjected to diverse, constant, and
often intense intrinsic and extrinsic challenges to their survival. Animal and plant tissues wear out as
part of normal physiological functions and can be lost to predators, disease, and injury. Both king-
doms survive this wide variety of insults by strategies that include the maintenance of adult stem
cells or the induction of stem cell potential in differentiated cells. Repatterning mechanisms often
deploy embryonic genes, but the question remains in both plants and animals whether regeneration
invokes embryogenesis, generic patterning mechanisms, or unique circuitry comprised of well-
established patterning genes.
Introduction
Developmental studies in plants and animals can be thought of

as parallel universes. Each field acknowledges the existence of

the other, but rarely do they come in direct contact. Regenera-

tion provided one of those momentous occasions when these

parallel universes collided in a stunning discovery that we now

take for granted. Over 260 years ago, Abraham Trembley

(Trembley, 1744), working under the popular scientific belief

that only plants and a few microscopic animals could regenerate,

decided to test whether a polyp he had discovered in pond water

was or was not a plant (Figure 1A):

I speculated anew that perhaps these organisms were

plants, and fortunately I did not reject this idea. I say fortu-

nately because, although it was the less natural idea, it

made me think of cutting up the polyps. I conjectured

that if a polyp were cut in two and if each of the severed

parts lived and became a complete polyp, it would be clear

that these organisms were plants. On November 25,

1740 I sectioned a polyp for the first time.the first polyps

I cut were green in color. The two parts extended the same

day that I separated them. They were quite easy to distin-

guish from one another because the first had its anterior

end bedecked with those fine threads which serve as the

polyp’s arms and legs, whereas the second had none at

all. I assumed that the second part was only a kind of

tail without the organs vital to the life of the animal.
Who would have imagined that it would grow back

a head! I was observing this second half to find out how

long it would retain the remnants of life; I had not the least

expectation of being a spectator to this marvelous kind of

reproduction (Lenhoff and Lenhoff, 1986).

The demonstration that simple animals like the polyp (Hydra)

described by Trembley were capable of regenerating tissue was
soon followed by studies from the likes of Bonnet (Bonnet,

1779) and Spallanzani (Spallanzani, 1769). They unambiguously

demonstrated that regeneration was widely dispersed among

the metazoans, including earthworms, snails, and salamanders.

Similarities between animal and plant regeneration intrigued early

investigators. Reviewing the experiments of Vöchting (Vöchting,

1885), T.H. Morgan noted in 1901 that, as in animals, plant regen-

eration from a twig involves the formation of specialized tissues

near the cut ends giving rise to new organs (Figure 1B). At the

same time, clear differences in the kingdoms were also apparent,

for example, animals typically replace missing tissues, whereas

one mode of regeneration in plants leads to entirely new individ-

uals being formed at the wound sites or from severed organs.

This was demonstrated by Sachs (Sachs, 1893) and Goebel (Goe-

bel, 1898), who showed that complete individuals can develop de

novo from the severed leavesof pansies and begonias (Figure 1C).

Animals and plants have almost certainly evolved multicellu-

larity separately. Thus, the developmental feat of repairing mul-

ticellular organs and structures would be expected to have crit-

ical differences. However, at a fundamental level, regenerating

organisms must turn back the clock on differentiation or freeze

developmental youth while at the same time inventing or invok-

ing ways to pattern their new tissue (Figure 2). Even though it

is likely that the exact pathways used to activate regeneration

in plants and animals may be specific to each kingdom, the

mechanistic barriers to totipotency are likely to intersect, and ba-

sic principles in regeneration could then be distilled from such

comparisons. Do some of the processes called upon during re-

generation rely on ancestral functions shared by the two king-

doms, such as nuclear organization and chromatin remodeling?

Shared aspects of regeneration, whether ancestral or acquired

separately, allow us to focus our attention on those steps that

are indispensable during regeneration in multicellular organisms.

This Review aims to compare the knowledge accrued in clas-

sic models that show dramatic regenerative capacities in both
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plants and animals. Particularly, we will focus on two separate

phenomena that appear to be basic steps in regeneration in

the two kingdoms: (1) acquisition of competence to regenerate

through dedifferentiation or by use of pre-existing totipotent

cells; and (2) repatterning of regenerating tissues. First, we pro-

vide an overview of regeneration in plants and animals, then we

canvass the literature preceding the era of molecular biology and

use this information as the background against which to examine

more recent molecular insights.

Figure 1.

Regeneration in Animals and Plants: A Historical Perspective

(A) Hydra attached to a small twig with its anterior end pointing down. (B) Re-

generation of two pieces of willow suspended in opposite orientations show

that polarity is preserved with root and shoot regeneration occurring at the

respective bases or apices of the fragments. On the right is a root fragment,

also regenerating the corresponding shoots or roots and demonstrating that

regenerative capacity is widespread across the anatomy of plants. (C) Regen-

eration of whole plants from the leaf of the pansy Achimenes haageana. The

leaf was removed from a flowering plant and regeneration resulted in roots

emerging from the base of the leaf-stalk and flowers emerging near stipules.

(Image A from Trembley, 1744; image B from Morgan, 1900 and Vöchting,

1885; image C from Goebel, 1898).
Regeneration in Plants and Animals
Plants grow indeterminately, which requires the maintenance of

meristems that continually give rise to the major axes of the

plant, the root and shoot. Adult plant meristems (Figure 3A) con-

tain stem cell niches (see Essay by J.R. Dinneny and P.N. Ben-

fey, page 553 of this issue) with a group of mitotically less

active cells, the quiescent center (QC) in the root and a similar

group of cells in the Central Zone (CZ) in the shoot (Mayer

et al., 1998; van den Berg et al., 1997). These quiescent cells

maintain a group of stem cells (‘‘initials’’ in botanical terms), me-

diated by physical contact, that give rise to all the cell types of

each respective axis. However, injury frequently removes the
698 Cell 132, 697–710, February 22, 2008 ª2008 Elsevier Inc.
stem cell niche completely, and regeneration entails reformation

of the stem cell niche in order to resume the continual production

of roots and shoots, and thus indeterminate growth. Most plants

also maintain other means to either activate or dedifferentiate

adult cells to resume meristematic growth, such as pericycle

cells that give rise to lateral roots, axillary meristems at the base

of leaves, and lateral meristems that contribute to girth (Steeves

and Sussex, 1989). In addition, plants can repair damaged tissue

by apparent dedifferentiation and respecification of cell types,

such as in the repair of severed vascular strands (Sinnott, 1960).

Although most animals do not grow indeterminately, many in-

vertebrate and vertebrate organisms are known to live for very

long periods of time (R100 years) and are referred to as being

negligibly senescent (Finch, 1990). Invertebrates such as Hydra

and planarian flatworms have unchanging mortality and repro-

ductive rates after many years of culture (Martinez, 1998; Sonne-

born, 1930). In mammals, bowhead whales can live more than

200 years (George et al., 1999), and other vertebrates such as

the calico rockfish can live for up to 205 years (Cailliet et al.,

2001). Although the cellular and molecular mechanisms support-

ing the longevity of vertebrates remain to be elucidated, the long

life span observed in many invertebrates is associated with the

lifelong maintenance and regulation of stem cells in somatic

tissues. The progeny of these adult stem cells are capable of re-

placing dying differentiated cells, allowing such organisms to

effectively escape death. For instance, animals such as Hydra,

planarians, and echinoderms (starfish and crinoids) maintain

cells in their body plans that allow for both growth and injury re-

pair. In Hydra and planarians, these stem cells are known as in-

terstitial cells and neoblasts, respectively. Both cell types are ca-

pable of replacing all differentiated cells lost to physiological

turnover (Holstein et al., 1991; Newmark and Sánchez Alvarado,

2000), and upon injury of the animals these cells undergo robust

proliferation to restore the missing tissues (Reddien and Sán-

chez Alvarado, 2004; Wolpert et al., 1971). Cells with similar

functions are found in invertebrates that are phylogenetically

more closely related to mammals such as the crinoid echino-

derms (Candia Carnevali and Bonasoro, 2001) and the ascidians.

Circulating stem cells take part in the regeneration of crinoid

arms lost to amputation (Candia Carnevali et al., 1995) or the re-

placement of complete bodies after physiological turnover in the

ascidian Botryllus schlosseri (Lauzon et al., 2002). The lack of cell

migration in plants, which is precluded by rigid cell walls, would

prevent movement of dispersed stem cells toward injured sites.

In both plants and animals, injury is a stimulus for the formation

of specialized wound tissue that initiates regeneration. A regen-

erative response from these organisms can be elicited by envi-

ronmental insults, even predatory or pathogenic attacks. Ampu-

tation in animals is usually but not always followed by the

formation of a specialized structure known as a regeneration

blastema (Figures 3B and 4A). This structure consists of an outer

epithelial layer that covers mesodermally derived cells and es-

sentially defines a canonical epithelial/mesenchymal interaction,

a conserved tissue relationship that is central to the development

of complex structures in animals (Sánchez Alvarado and Tsonis,

2006). Other regenerative methods exist in animals, such as the

remodeling of pre-existing tissues in planarians to restore both

missing body parts and normal scale and proportion (see Figure 5



below) and the regeneration of a whole Hydra by reaggregation

of its dissociated cells (Figure 4B) (Gierer et al., 1972). In plants,

one frequent but not universal feature of regeneration is the for-

mation of a callus, a mass of growing cells that has lost the dif-

ferentiated characteristics of the tissue from which it arose. A

callus is typically a disorganized growth that arises on wound

stumps and in response to certain pathogens (Sinnott, 1960).

Similar cell masses can be generated in vitro (Figure 4C), as

will be discussed. One common mode of regeneration is the ap-

pearance of new meristems within callus tissue. Thus, the plant

callus shares with animal regeneration blastemas the property of

being a specialized and undifferentiated structure capable of giv-

ing rise to new tissues. We emphasize that regeneration in both

kingdoms entails a diverse array of phenomena (Figure 2). Fur-

thermore, there are many possible pathways from early to later

stages of regeneration. For example, not all cells that have reac-

tivated stem cell potential must pass through either blastema or

callus states to regenerate (e.g., Wolffian regeneration, Figure 2).

An interesting point is that, despite the diverse array of regener-

ation mechanisms within kingdoms, almost all phenomena in

one kingdom have a counterpart in the other.

Early Regeneration Experiments in Animals
In the late 1800s, the concept of heredity for multicellular organ-

isms was based on the assumption that each differentiated cell

in the adult possessed different genetic information, thus re-

stricting their differentiation potential. This theory is better known
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Figure 2. Comparison of Major Aspects of

Regeneration in Plants and Animals

Descriptions of the known cellular origins, regen-

erative structures, and patterning mechanisms

are indicated. We include also an experimental

method described in animals (overexpression of

transcription factors and nuclear transplantation),

which allows differentiated cells to assume stem

cell attributes. Whether or not these cells can con-

tribute to regeneration of adult tissues after injury

remains untested (Takahashi et al., 2007; Wernig

et al., 2007).

today as Weismann’s theory of the germ

plasm (Weismann, 1893). Weismann pos-

tulated that only the cells engaged in pro-

ducing gametes were totipotent, and that

such totipotency was at its highest mani-

festation in the very early embryo soon af-

ter fertilization. As the embryo underwent

cleavage, the resulting cells—with the ex-

ception of those fated to produce the

germline—progressively lost genetic in-

formation not needed for the functions

of the resulting lineage (that is, muscle

cells would eliminate genetic information

to make neurons and vice versa). Yet,

the regeneration experiments of Tremb-

ley, Bonnet, and Spallanzani demon-

strated that adult differentiated animal tis-

sues have the capacity to undergo
remarkable developmental changes not necessarily associated

with their differentiated functions. Weismann noted that the chal-

lenge posed to the germ plasm theory by regeneration could be

explained by the fact that the tissues being regenerated arose

from similar tissues such that limbs only regenerated limbs and

tails only regenerated tails (Weismann, 1893). However, in

1895 Wolff demonstrated that a vertebrate cell type believed to

be terminally differentiated could undergo a dramatic transfor-

mation to produce cell types outside of its normal lineage. The

cells in question are the pigmented retinal epithelial cells of the

newt eye. After removal of the newt eye lens, these cells can de-

differentiate, proliferate, and then transdifferentiate from their ini-

tial epithelial morphology into cells that eventually will regenerate

the lens (Wolff, 1895).

Similar plasticity was uncovered later in the studies of other

adult animals, particularly in the planarian flatworms in which

pre-existing tissue can remodel itself after amputation to restore

lost body parts. For instance, if the anterior end of a planarian is

cut at any level along the anteroposterior axis, a new head is re-

generated. The resulting animal, however, is misproportioned,

particularly when the amputation was performed at more poste-

rior regions. What is observed is that the pre-existing tissue

undergoes morphological changes such that the normal pro-

portions between the parts are re-established (Reddien and

Sánchez Alvarado, 2004). This is clearly illustrated by the work

of T.H. Morgan on the land planarian Bipalium kewensi (Morgan,

1900). If a trunk fragment is removed, head and tail structures are
February 22, 2008 ª2008 Elsevier Inc. 699



regenerated that are nevertheless out of proportion (too small)

relative to the size of the trunk fragment (Figure 5). It would be ex-

pected that the newly regenerated structures would grow to

reach the appropriate size. However, these animals are incapa-

ble of feeding until after regeneration of the feeding organ (the

pharynx) is completed. Instead, something remarkable happens:

the pre-existing trunk actively remodels itself (elongates) as evi-

denced by a decrease in the width and girth of the fragment and

a corresponding increase in length (nearly twice the length of the

original fragment). Such remodeling results in the regeneration of

both the trunk anatomy and a re-establishment of normal allom-

Figure 3. Plant Meristems and Animal Blastemas

(A) Two of the plant’s indeterminate meristems (root apical meristem, RAM,

and shoot apical meristem, SAM, respectively) that can be completely regen-

erated in adult plants, restoring indeterminate growth. The stem cell niche in

the root consists of mitotically less active quiescent center cells (green), which

maintain adjacent stem cells (shades of blue) in an undifferentiated state. Cells

away from the tip are more differentiated. Differentiating pericycle cells (brown)

have been found to give rise to callus, which can in turn recreate the entire root

or shoot meristem. The structure of the shoot meristem consists of a group of

stem cells in the central zone that lie on top of a group of mitotically active cells

that are known to signal and maintain the stem cells, similarly as in root. The

largely nonoverlapping domains of CUC2 (blue) and WUS (yellow) are super-

imposed on the normal SAM.

(B) A progression series highlighting the cellular processes that take place in

the formation of an animal blastema. This structure is assembled by the divi-

sion progeny of either stem cells residing in the pre-existing tissues (planaria)

or a combination of both stem cells and dedifferentiation (salamanders). Once

formed, the blastema differentiates, patterns, and functionally integrates itself

with the older tissue.
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etry between the trunk and the regenerated cephalic and caudal

structures (Figure 5). As such, cellular plasticity is demonstrated

with respect to not only regenerating parts but also the tissue

remnants from which these parts regenerate.

Regeneration Competency in Animals

Where is the ability to regenerate codified in the adult animal? As

early as 1892, it was suspected that a population of undifferen-

tiated cells found in the body plans of adult animals (Randolph,

1892) and triggered to proliferate after injury may be responsible

for the regenerative capacities of many invertebrate organisms

(Keller, 1894). These specialized cells received the name of neo-

blasts (Randolph, 1892) and were later shown to be essential for

the regeneration of freshwater planarians (Bardeen and Baetjer,

1904). As alluded to earlier, another way for regeneration to man-

ifest itself is through the dedifferentiation of mature, differenti-

ated cells. In the case of appendage (limbs and tail) regeneration

in salamanders, the dedifferentiation of mesodermal cells was

first observed by Thornton (Thornton, 1938) and later confirmed

by the electron microscopy work of Hay (Hay, 1959). Recently,

the dedifferentiation process of vertebrate cells has been most

exhaustively studied in the muscle fibers of salamanders in cul-

ture (Brockes and Kumar, 2002) and in vivo (Echeverri et al.,

2001), as well as in the cells of the axolotl spinal cord (Echeverri

and Tanaka, 2002). In both cases, the resulting dedifferentiated

cells contribute to multiple differentiation lineages (Brockes

and Kumar, 2002). In the case of tail regeneration, spinal cord

cells switch from an ectodermal lineage and produce mesoder-

mally derived cells such as muscle and cartilage (Echeverri and

Tanaka, 2002). That differentiated amphibian cells can maintain

access to the inherent totipotentiality codified by their genomes

was unambiguously demonstrated by the generation of adult

organisms from the transplantation of differentiated cell nuclei

into enucleated oocytes in Xenopus (Gurdon, 1962), a finding

recently confirmed in mammalian cells (Eggan et al., 2004). As

important as dedifferentiation appears to be in salamander re-

generation, satellite cells as defined by pax7 expression within

the skeletal muscle of these vertebrates can also significantly

contribute to the regenerative process (Morrison et al., 2006).

This suggests that, like the invertebrates Hydra and planaria, re-

generative properties in salamanders correlate with the availabil-

ity of stem cells residing in the adult body plan.

Another similarity shared by vertebrate and invertebrate ani-

mals in their competence to regenerate is the involvement of in-

nervation. In annelid worms, such as Eisenia fetida and Nephtys,

removal of the ventral cord or the brain can halt regenerative

events (Avel, 1961; Clark, 1965). Conversely, redirecting the ven-

tral cord to the body wall of the annelid Spirographis spallanzanii

results in the emergence of an ectopic head at the point of con-

tact (Kiortsis and Moraitou, 1965). In salamanders, similar results

are observed in that the denervation of limbs prior to amputation

results in an inability to regenerate the limb after amputation

(Brockes, 1984), and that deflecting the nerve to the skin at the

base of the limb triggers the formation of ectopic limbs (Locatelli,

1924). Moreover, if the nerves innervating the limb are discon-

nected from the central nervous system by transecting their dor-

sal roots, normal regeneration is still observed. These combined

results suggested that the influence of the nervous system on an-

imal regeneration is due to a soluble factor rather than a direct



effect of the innervation proper (Singer, 1947; Singer and Craven,

1948). This has recently been proven by the identification of the

anterior gradient protein as being sufficient and necessary to ef-

fect the neuroregulation of salamander limb regeneration (Kumar

et al., 2007). The newt anterior gradient protein is a ligand se-

creted by the Schwann cells of the nervous system that binds

to the proximo-distal specification receptor Prod1/CD59 in sala-

manders (da Silva et al., 2002). Remarkably, overexpression of

the newt anterior gradient protein in rigorously denervated sala-

mander limbs rescued their ability to fully regenerate with high

efficiency (Kumar et al., 2007). The existence of trophic factors

in promoting regeneration in animals is akin to the central role

that phytohormones such as auxins play in the regenerative ca-

pacities of plants.

Early Regeneration Experiments in Plants
In 1902, the botanist Gottleib Haberlandt theorized that, under

the proper culture conditions, ‘‘one could successfully cultivate

artificial embryos from vegetative cells’’ (Haberlandt, 1902; Kri-

korian and Berquam, 1969). Interestingly, it took decades before

effective culture techniques were established in the 1930s and

another two decades before single cell totipotency was effec-

tively demonstrated (Gautheret, 2003). Two distinct bodies of

work needed to come together. The first was a breakthrough in

tissue culture using the critical phytohormone indole-3-acetic

acid (auxin). In 1939, several workers finally succeeded in grow-

ing perpetual tissue cultures using larger tissue sections, ex-

plants, from carrot and other species in media containing auxin

(Gautheret, 1985). The auxin treatment and likely endogenous

cytokinin appeared to trigger dedifferentiation of root explants,

which formed a callus as a first step. Dedifferentiation involves

the loss of differentiated cell type characteristics and regression
to meristematic states with the ability to grow and divide (Sinnott,

1960). The second critical breakthrough came with the seminal

work of Skoog, who found that treating an undifferentiated callus

with high ratios of auxin to cytokinin led to a greater frequency of

root formation than shoot formation (Skoog and Miller, 1957). In

contrast, high cytokinin to auxin ratios led to shoot formation.

Thus, Skoog and Miller’s model provided both an experimental

tool and conceptual framework for the role of hormones and their

interactions in setting up distinct developmental paths during

pattern formation and regeneration.

More than 50 years after Haberlandt’s prediction of totipotency,

Steward et al. (1958) used secondary phloem cells of carrot root to

first form callus cultures from which single cells were isolated to

regenerate entire plants. Muir et al. (1958) formed callus directly

from single cells of tobacco and used nurse tissue (callus from ex-

plants) separated from the regenerating cells by filter paper to ap-

parently condition cells. Ultimately, Vasil and Hildebrandt (1965)

used single cells of tobacco to generate reproductive plants with-

out the need for nurse tissue but still with auxin in the conditioning

media, providing a firm corroboration that individual cells could be

grown into whole plants. The passage of single cells through cal-

lus was believed to be the key step that permitted dedifferentia-

tion and the acquisition of competency (Steward et al., 1958).

Thus, analogously to the dedifferentiation of cells in salamander

regeneration (Brockes and Kumar, 2002) and the regained totipo-

tency of frog and mammalian somatic nuclei transplanted into

oocytes (Gurdon, 1962), differentiated cells in plants could be

coaxed back into totipotency under a very specific regiment of en-

dogenous hormones that could plausibly mimic an internal envi-

ronment under regenerative conditions.

The prediction that embryogenesis would be reiterated in iso-

lated cells was borne out in some instances but not others. For
Figure 4. Invertebrate and Plant Model Systems for Studying Regeneration

(A) The planarian Schmidtea mediterranea (left) and a regeneration series of the anterior end at �days 1, 3, and 4 after decapitation.

(B) Head regeneration in Hydra after decapitation (top) and from a cell aggregate of cells obtained after dissociation of a Hydra into individual cells (bottom). The

signal corresponds to the expression of a Chordin-like gene in this organism. Images reproduced from Rentzsch et al. (2007), Proc. Natl. Acad. Sci. USA 104,

3249–3254. Copyright (2007) National Academy of Sciences, USA.

(C) Normally developing Arabidopsis with a basal rosette and a reproductive inflorescence that has arisen from the transition of the SAM to a floral meristem (left).

Middle, dedifferentiated cell masses of callus that formed from auxin treatment of tissue cuttings from Arabidopsis and the regeneration of a complete shoot from

one such callus (right). Images of the callus and regenerating shoot are courtesy of S.P. Gordon and E.M. Meyerowitz.
Cell 132, 697–710, February 22, 2008 ª2008 Elsevier Inc. 701



example, when Steward cultured single carrot cells into whole

plants, the regenerating plantlets clearly resembled embryonic

stages after single cells were separated from callus (Steward

et al., 1958). However, in other protocols, single cells never

passed through embryonic states but developed adult meri-

stems directly from undifferentiated filaments or callus-like

growths (Muir et al., 1958; Vasil and Hildebrandt, 1965). Thus,

a clear embryonic state, as Haberlandt himself assumed, was

not a strict requirement for regeneration from single cells.

Totipotency of Plant Cells

Following the demonstration of totipotency in plants, a body of

work established the totipotency of cells from a variety of tis-

sues, such as leaf epidermis and mesophyll, pollen, endosperm,

and vascular cells (Halperin, 1986). However, this work led to the

potentially misleading dogma that all plant cells are totipotent,

a view often propagated by prominent biologists like Steward:

‘‘The conclusion is that, in principle, all normally diploid somatic

cells are essentially totipotent and that present failures to rear

them into plants merely present the challenge to find the right

conditions for their development’’ (Steward et al., 1970). Steward

himself used one of the most terminally differentiated cell types,

phloem, but his samples started with tissue sections in second-

ary phloem and individual cells were not isolated until they

formed callus (Steward et al., 1958). Thus, the exact starting

identity of his cells would not have been known and is arguably

Figure 5. Remodeling Pre-existing Structures

A trunk fragment of the land planarian Bipalium is shown undergoing remodel-

ing of pre-existing tissues (see text) and the regeneration of the missing head

and tail. The animal is drawn at the same magnification for each of the days

illustrated. Note the progressive increase in length and decrease in width of

the fragment. These changes result in the regeneration of all the missing struc-

tures and ultimately reach the appropriate dimensions relative to the sizes of

the newly regenerated head and tail. The table indicates days after amputation

and the corresponding change in length to width ratio (L:W) for each specimen

pictured. This was accomplished by digitizing the original, drawn-to-scale im-

age after Morgan (1900) and measuring along the midline for length and along

the geometric center from lateral edge to lateral edge for width.
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obscured by their passage through callus. The totipotency of

nonzygotic and at least partially differentiated cells was docu-

mented, but the ability of all plant cells to regenerate remains

a difficult claim to validate. Binding—whose lab conducted

many single cell regeneration studies on different tissues—ulti-

mately questioned whether the origin of many cells that regener-

ated whole plants from terminally differentiated leaves might

arise from meristematic cells in the suspensions of free cells,

which were generated by digesting tissue with cell-wall-degrad-

ing enzymes (Binding, 1986).

The acceptance of this dogma has important implications for

current research. For example, if the reactivation of stem cell

potential is associated with specific cellular attributes such as

chromatin state or remodeling capability, do we expect all cells

to exhibit such attributes? In addition, the dogma obscures an

important attribute of plant cell totipotency concerning the de-

velopmental age of cells and tissues. For instance, regeneration

efficiency was found to be much higher in protoplasts from ear-

lier stages of development as opposed to fully differentiated tis-

sue (Binding, 1974, 1975; Vasil and Vasil, 1974). In carrot, cells of

the vasculature, where Steward’s phloem cells originated, read-

ily formed cell lines and somatic embryos whereas, under the

same set of conditions, cells from external layers did not (Guzzo

et al., 1994). Carrot cotyledons (embryonic leaves) showed ex-

ceptional regenerative capacity as they were able to undergo

embryogenesis even without addition of hormones to culturing

media (Smith and Krikorian, 1989). Thus, it is currently not possi-

ble to say whether all plant cells are totipotent, but there do ap-

pear to be sharp gradients in the competency of different plant

cells to undergo regeneration.

This raises the question of whether plants maintain certain cells

outside the stem cell niches in somewhat differentiated states that

can still easily access pluripotent states. For example, develop-

mentally young cells, defined here as those cells that have under-

gone only a few divisions since the asymmetric division of stem

cells, can rapidly restore an excised stem cell niche of the root

tip (Prantl, 1874). Recent work in animals shows that, in a similar

fashion, differentiated animal cells may maintain the ability to ex-

hibit pluripotency during early stages of maturation. In Drosophila,

transit-amplifying spermatagonia that have left the stem cell niche

can revert back to stem cells with the proper signaling inputs

(Brawley and Matunis, 2004). Similar functions for transient ampli-

fying cells have also recently been described in the mammalian

testis (Nakagawa et al., 2007). Thus, there appears to be a window

in the early developmental stages of a cell in which pluripotency

can be readily reconstituted. Together, early regeneration studies

established that both kingdoms display a variety of mechanisms

to reactivate or re-establish stem cell potential. These cells then

participate in patterning steps that resemble embryogenesis in

some developmental pathways and bear little resemblance to

the stages of embryogenesis at other times.

Regeneration Studies Today
Currently, there is a resurgence in the study of regeneration in

animals, which is driven by the re-emergence of classic model

systems and the closer examination of established genetic sys-

tems. In plants, almost the opposite is true. Classical regenera-

tion experiments developed in a range of species have been



adapted for use with powerful new molecular techniques on the

workhorse model systems. The result is a burst of new informa-

tion in both fields that has put classical questions in regeneration

back on the front burner and is yielding a new body of work for

mechanistic comparisons of regeneration between plants and

animals.

In the last few years, the study of animal regeneration has seen

the introduction of methodologies aimed at increasing the reso-

lution of molecular analyses such as RNA-mediated genetic in-

terference (RNAi) and the introduction of functional genomics

and transgenic methodologies in Hydra, planarians, and sala-

manders (Sánchez Alvarado and Tsonis, 2006). Moreover, devel-

opmental biologists have begun to interrogate the regenerative

abilities of genetic model systems such as the fruit fly Drosophila

melanogaster (Ohlstein and Spradling, 2007; Singh et al., 2007)

and zebrafish (Curado et al., 2007; Lepilina et al., 2006; Stoick-

Cooper et al., 2007). In plants, one of the most powerful model

systems, Arabidopsis thaliana, has been put to use in regenera-

tion studies recently with the use of green fluorescent protein

(GFP) markers and newly developed techniques using timelapse

imaging of live tissue (Reddy et al., 2004; Xu et al., 2006). In ad-

dition, the substantial knowledge of developmental circuitry in

Arabidopsis has provided a starting point for exploring critical

genes in regeneration using mutant collections and marker lines.

Recent connections between cellular plasticity and chromatin

structure in plants have been informed by homology to similar

molecular mechanisms that have been well studied in animals

(Costa and Shaw, 2007). This work has provided an interesting

connection between stem cell states in animals and dedifferen-

tiation in plants.

Chromatin Regulation and Cell Totipotency in Animals

A key characteristic of most metazoan somatic cells is that their

nuclei contain all the necessary genetic information to produce

whole organisms (Campbell et al., 1996; Eggan et al., 2004;

Gurdon, 1962). In animals that regenerate missing body parts,

mechanisms to access such inherent totipotentiality must have

evolved. Two basic ways in which animals appear to regulate

that potential is through cellular dedifferentiation or the mainte-

nance and regulation of adult stem cells in their somatic tissues

(Carlson, 2007). Just as there are known differences in chromatin

organization between the genomes of embryonic stem cells and

differentiated cells (Bernstein et al., 2005), a fundamental differ-

ence in the organization of the nucleus and its contents must ex-

ist between the adult cells of regenerating and nonregenerating

organisms. A hint that such differences may exist is provided

by the recently discovered protein nucleostemin (Tsai and

McKay, 2002). This protein was found preferentially in both em-

bryonic and adult neuronal stem cells, as well as in many cancer

cell lines, but absent from all differentiated adult cells tested (Tsai

and McKay, 2002). Nucleostemin derives its name from the fact

that in the stem cells in which it was discovered, it resides in the

nucleolus—a nuclear organelle traditionally regarded as a ribo-

some factory but shown in recent years to have many functions

(Olson et al., 2000; Pederson, 1998). As embryonic and adult

stem cells undergo differentiation, the expression of nucleoste-

min eventually becomes undetectable. Moreover, elimination

of nucleostemin in stem cells prevented their self-renewal and

promoted their differentiation (Tsai and McKay, 2002).
In salamanders, a homolog of nucleostemin has been identi-

fied (Maki et al., 2007). Although it cannot be detected in differ-

entiated cells, removal of the lens of the salamander eye results

in the accumulation of nucleostemin in the nucleoli of dedifferen-

tiating retinal pigmented epithelial cells. Similarly, nucleostemin

is also found in the degenerating multinucleate muscle fibers af-

ter limb amputation. In both cases, the appearance of nucleoste-

min in the nucleoli significantly precedes dedifferentiation in the

eye and blastema formation in the limb (Maki et al., 2007). These

results suggest that nucleostemin is not only necessary to main-

tain stem cells but is also associated with the dedifferentiation of

the cells required to produce the multipotent stem cells of verte-

brate regeneration.

Nucleostemin is known to interact with the tumor suppressor

p53 both in pulldown experiments and in coimmunoprecipitation

experiments of endogenous proteins. Among the many func-

tions ascribed to p53, the local and global modulation of chroma-

tin modifications regulated by this protein is well documented

(Allison and Milner, 2004). For example, chromatin immunopre-

cipitation experiments indicate that p53 recruits the acetyltrans-

ferase p300 to the p21 promoter (a direct and natural target of

p53), allowing targeted acetylation of chromatin-assembled

core histones H2A, H2B, H3, and H4 (Espinosa and Emerson,

2001). p53 also exerts global effects on chromatin through the

mediation of histone H3 modifications (Allison and Milner,

2003), which in turn have critical roles in heterochromatin and

euchromatin formation (Lachner and Jenuwein, 2002), as well

as global chromatin condensation during mitosis (Allison and

Milner, 2004; Wei et al., 1999).

Recent studies indicate that the interaction between nucleos-

temin and p53 inhibits the growth-suppressive activity of p53

(Ma and Pederson, 2007), suggesting that such interactions

may play a key role in determining the necessary chromatin orga-

nization required by toti/pluripotent cells. Because nucleostemin

shuttles between the nucleolus and the nucleoplasm based on

its GTP-binding state (Tsai and McKay, 2002), the ability of the

nucleoli of stem and dedifferentiation-competent cells to accu-

mulate this protein may reflect cell type-specific functions of

this nuclear organelle. Interestingly, a comparison of the nucleo-

lar proteome of animals and plants uncovered a high degree of

similarity. Of the 217 proteins identified in Arabidopsis nucleoli,

69% had a direct counterpart (homolog) in the human nucleolar

proteome defined for HeLa cells (Leung et al., 2006; Pendle et al.,

2005). Given the dynamic nature of the nucleoli in both plants

and animals (Meng et al., 2007; Tillemans et al., 2006), it would

be interesting to determine to what extent the nucleolar pro-

teome differs between stem and differentiated cells in both

plants and animals, and how similar or dissimilar the nucleoli of

regeneration-competent plant protoplast and animal stem cells

may or may not be to each other.

Regeneration and Tissue Patterning in Animals

Access to totipotentiality and the precise regulation of the iden-

tity of the structures being restored appear to be prerequisites

for regeneration to occur. Although some progress is being

made on the first front, the mechanisms controlling patterning

of the resulting regenerate remain poorly understood. Unlike

embryogenesis, in which fertilization initiates a self-organizing

machinery of stereotypic cell divisions, determination, and
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differentiation, the starting point for development in regeneration

is, if anything, accidental. Depending on the context, the type

and extent of the regeneration stimulus (e.g., amputation) de-

pend entirely on experimental design or unplanned, uncontrolled

damage in the wild. If a planarian is transected perpendicularly to

its midline, the resulting bilaterally symmetric fragments will re-

generate the missing tissues. But what if the amputation is obli-

que, or produces asymmetric animals? How does the animal

then regenerate the missing structures and eventually restore

its proper form and function?

Rebuilding new tissues from old parts requires robust, spe-

cific, and reproducible cell-cell communication. In animals, this

is perhaps best illustrated by the regeneration of complete Hydra

from aggregates made from dissociated cell suspensions

(Figure 4B), and where positional information is presumably

completely lost (Gierer et al., 1972). This remarkable process

of self-organization is partly mediated by the Wnt/b-catenin

pathway (Hobmayer et al., 2000). Initially, uniform expression

of Tcf—the transcription factor responsible for mediating Wnt

signaling—is detected in the epithelial cells of the entire aggre-

gate. Simultaneously, small domains of about 10–20 Wnt-ex-

pressing cells can also be detected inducing surrounding tissues

to develop new body axes, which finally separate into intact

polyps. Thus, the Hydra orthologs of Wnt and Tcf are likely to

be early components of the molecular network responsible for

setting up de novo a small number of cells with strong axis-in-

ducing capacity (Hobmayer et al., 2000). The role of b-catenin

in regulating anteroposterior polarity has recently been shown

in planarians (Figure 6A), where abrogation of this molecule by

RNAi results in animals that regenerate heads at posterior

ends, whereas abrogation of its inhibitor (the gene Adenomatous

Polyposis Coli, or APC) results in the regeneration of tails at an-

terior ends (Gurley et al., 2008).

Another signaling pathway involved in the dorsal-ventral

patterning of many animal embryos is the transforming growth

factor b (TGF-b)/bone morphogenetic protein (BMP) pathway,

which has recently been implicated in the re-establishment of bi-

lateral symmetry of irregularly cut adult planarians. Three genes

were identified to regulate this process: a BMP1/Tolloid-like

gene (smedolloid-1), a SMAD4-like gene (smedsmad4-1), and

a BMP2/4/DPP-like gene (smedbmp4-1). BMP signaling was

shown to participate in the formation of new tissues at the midline

of regeneration, the dorsal-ventral patterning of new tissues, and

the maintenance of the dorsal-ventral pattern of existing adult

tissue in unamputated animals (Figure 6B). Asymmetric frag-

ments lacking a midline displayed new smedbmp4-1 expression

prior to formation of a regeneration blastema, whereas asym-

metric fragments containing the midline displayed expanded

smedbmp4-1 expression toward the wound. These experiments

provide some of the first genetic insights into the topics of blas-

tema specification and restoration of form in regeneration and in-

dicate that injured animals lacking left-right symmetry reset their

midline through modulation of BMP activity as an early and nec-

essary event in regeneration (Reddien et al., 2007).

Regeneration of Cellular Morphology in Plants

One testament to the fundamental nature of regeneration is the

repair of cellular morphology in the single-celled green alga Ace-

tabularia (also known as the Mermaid’s Wineglass). This 1–10 cm
704 Cell 132, 697–710, February 22, 2008 ª2008 Elsevier Inc.
single-celled organism possesses a stalk apex with hairs during

vegetative growth and a whorl or cap during reproductive

phases. At the other end, it has a rhizoid apex that creates ex-

tended projections that root the cell to surfaces. Remarkably,

Acetabularia is capable of regenerating its upper hairs or whorls

when apical portions are removed (Mandoli, 1998). Even the ex-

cised apical stalks, which lack a nucleus, can continue growth

and form a reproductive cap if stalks are cut from adult plants.

These regeneration experiments in this elegant system have

shed light on the respective roles of nuclear and cytoplasmic fac-

tors and their influence on phase transitions and regeneration.

The regenerative capacity of Acetabularia also demonstrates

that the ability to recapitulate development, restore morphology,

and re-establish polarity can be an inherent property of the cell

independent of cell-cell communication.

Acetabularia also provided an early demonstration of the role

of electrical currents in establishing polarity in regeneration. Enu-

cleated stalks of Acetabularia mediterranea grown in the dark

Figure 6. Signaling Pathways, Axial Polarity, and Regeneration in

Planaria

(A) Schmidtea mediterranea planarians subjected to RNAi targeting the key

components of Wnt signaling: the Adenomatous polyposis coli (APC) protein

and b-catenin (top panel). Abrogation of b-catenin function in amputated ani-

mals results in animals that regenerate heads at both ends of the anteroposte-

rior axis. Conversely, accumulation of b-catenin by abrogating its inhibitor

(APC) results in animals that regenerate tails and anterior and posterior ends

after amputation. In situ panels with a probe against the central nervous sys-

tem (pro-hormone convertase) demonstrate the presence or absence of brain

in RNAi-treated animals. Images from Gurley et al. (2008), Science 319, 323–

327. Reprinted with permission from AAAS.

(B) Abrogation of the TGF-b pathway prevents mediolateral regeneration as

assayed by a probe (D.21) specific to the animal margin (top panel) and also

affects dorso-ventral axis maintenance as evidenced by the generation of an

extra pair of photoreceptors in the ventral region of the animal (bottom panel).

Images are from Reddien et al. (2007) and are reproduced with the permission

of the Company of Biologists. In all cases control refers to unc-22, a gene with

a nucleotide sequence not found in planarians. Animals were labeled with an-

tibodies that recognize the photoreceptor neurons (VC-1, anti-Arrestin) and

the cephalic ganglia (SYT, anti-Synaptotagmin). Scale bars in (A) are 200 mm

and in (B) are 100 mm.



can regenerate their whorls at either end when placed in the light

(Novak and Sironval, 1975). However, the same stalks failed to

regenerate when placed in an apparatus that neutralized internal

electrical currents, whereas cells placed in the same apparatus

that permitted an electrical potential at opposite ends did regen-

erate (Novak and Sironval, 1975). Interestingly, in both higher

plants and animals, it has been shown that low electrical currents

can induce regeneration when applied to callus or to the injured

spinal chord of vertebrates (Borgens, 1988; Rathore and Gold-

sworthy, 1985). In mouse, it has recently been shown that ge-

netic perturbations in inositol-phospholipid signaling disrupted

electrically induced migration of epithelium during regeneration

(Zhao et al., 2006). Together, these studies show that electrical

potential is involved in re-establishing polarity during regenera-

tion in a diverse array of organisms.

Chromatin: Identity Locks and Regeneration Keys?

Soon after the wide potential for single plant cells to regenerate

became apparent in the late 1950s, the critical research question

shifted from whether cells were totipotent to what limits cell toti-

potency in normal development. One likely candidate at the

moment appears to be chromatin structure, which is regulated

by mechanisms with intriguing parallels between plants and an-

imals (Costa and Shaw, 2007). Several different chromatin

defects implicate epigenetic changes in controlling totipotency.

In Drosophila and Arabidopsis, Polycomb Repressive Groups

(PRCs) have been shown to have a role in establishing and main-

taining histone H3 methylated on lysine 9 (H3K9) and/or histone

H3 trimethylated on lysine 27 modifications. These epigenetic

changes are known to maintain genes in a transcriptionally sup-

pressed state at appropriate developmental stages (Cao et al.,

2002; Schubert et al., 2006). Only the PRC2 complex has been

found in plants so far, and members of this complex have been

implicated in gametic imprinting, as is the case for animals,

and environmental memory (Pien and Grossniklaus, 2007). Dou-

ble mutants in CURLY LEAF (CLF) and SWINGER (SWN), par-

tially redundant proteins with homology to E(z) of Drosophila

and part of the PRC2 complex, exhibit ectopic callus formation

and somatic embryogenesis, implying a role for PRC2 in sup-

pressing totipotency in adult plants (Chanvivattana et al.,

2004). A mutant in PICKLE (PKL), a gene that encodes for a puta-

tive CHD3 (Chromodomain Helicase DNA-binding protein 3),

also showed spontaneous production of callus and persistence

of embryonic character (Henderson et al., 2004). CHD3 is part of

a complex that contains a histone deacetylase and, like the

putative regulatory effects of CLF and SWN, it is expected to

suppress transcription. In a screen for mutants with defects in

dedifferentiation, a mutant in KRYPTONITE, an H3K9 methyl-

transferase, was severely impaired in callus formation (Grafi

et al., 2007). Taken together, these studies suggest that multiple

types of chromatin modifications may have a role in regulating

totipotency and dedifferentiation in plants. Thus, in parallel to

connections between chromatin modification and pluri/totipo-

tent states in animals, adjusting epigenetic marks is strongly as-

sociated with cellular plasticity in plants.

A more direct link between chromatin remodeling and repat-

terning came recently from a study of epidermal cells undergoing

a fate change. In Arabidopsis, epidermal cells can adopt one of

two cell fates, hair and non-hair cells, the latter of which is depen-
dent on the transcription factor GLABRA2 (GL2). Using occa-

sional divisions of epidermal cells that changed cell position

and fate cues, Costa and Shaw (2006) analyzed open versus

closed chromatin states at the GL2 locus as cells switched their

fates. During this transition, it was shown by three-dimensional

fluorescent in situ hybridization that the chromatin structure spe-

cifically around the GL2 locus changed rapidly from a closed to

an open state when GL2 expression was required for the transi-

tion to non-hair cell. Accordingly, it changed to a closed state

when an extra division landed a cell in the hair cell fate position

where GL2 is downregulated (Costa and Shaw, 2006). In addi-

tion, the examination of cells that had just undergone cell fate

changes suggested that chromatin marks could be removed at

mitosis and reset sometime during interphase. Thus, an entire

phase of the cell cycle was not required, but the results did imply

that cells needed to be competent to divide to switch their fates.

A functional link between cell fate plasticity and chromatin state

came recently through the gene GL2 expression modulator

(GEM) (Caro et al., 2007). Mutations in GEM affected the H3K9

methylation state at the GL2 locus and ultimately disrupted the

pattern of fate decisions in the epidermis. In these studies, the

chromatin marks on GL2 in cells changing fate were highly labile,

but it is unclear if different types of marks are less readily altered.

It will be interesting to see if different levels of chromatin remod-

eling can ultimately explain the gradients of competence ex-

hibited by plant cells and tissues of various age.

Patterning in Plants

A series of new studies has applied modern imaging tools and

genomic analysis to regeneration studies, which are now em-

powered by knowledge of key genes involved in meristem iden-

tity. Not surprisingly many of the same genes that play a role in

meristem function and embryo patterning appear early during

the regeneration process. One set of studies has employed

Skoog and Miller’s shoot regeneration system using high cytoki-

nin to auxin ratios to regenerate shoot from callus. Both microar-

ray and imaging analysis showed that the meristem identity

genes WUSCHEL and SHOOT MERISTEMLESS were ex-

pressed early in the shoot induction phase (Cary et al., 2002;

Gordon et al., 2007). Interestingly, both CUP SHAPED COTYLE-

DON1 and 2 (CUC1/2), which act redundantly in embryonic

shoot meristem formation, appeared before shoot formation

while root explants were still on the callus-inducing media

(Cary et al., 2002; Gordon et al., 2007). This was consistent

with the upstream role of CUC genes in triggering the earliest

events in the formation of the Shoot Apical Meristem (SAM)

(Aida et al., 1999; Daimon et al., 2003; Hibara et al., 2003).

Thus, for now, the timing and epistatic relationships of genes

during normal shoot formation closely mirror the timing and

gene circuitry observed during regeneration.

In plants, as in animals, it is not surprising to see the same

genes involved in normal tissue patterning deployed during

regeneration as it is unlikely that multicellular organisms would

invent different and alternative genetic networks to ultimately

produce the same structure. The important difference between

normal development and regeneration lies in how these gene

networks are activated in both contexts. A critical, defining event

may be the derepression of the patterning genes themselves.

Che et al. (2007) used the fact that it takes 2–3 days of incubation
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on high auxin callus-inducing media to make explants compe-

tent to regenerate shoots from root explants. This group then ex-

ploited microarray technology to ask which genes required treat-

ment in callus-inducing media in order to respond to shoot-

inducing media. A total of 57 genes were found to be dependent

upon the treatment, showing more than a 20-fold reduction when

the auxin-rich callus-inducing media were left out. Among the

genes highly dependent on the conditioning phase were WUS

and other hormone response regulators. Thus, the work sug-

gested that one role of the competence-inducing phase was to

relieve repression of genes that were required for the shoot iden-

tity and patterning phase of regeneration.

The work by Che et al. (2007) and another recent paper by Gor-

don et al. (2007) also addressed the issue of which cells display

competency to regenerate under one set of conditions. These

studies showed that callus tended to emerge from meristematic

tissue and pericycle founder cells, which ultimately dedifferenti-

ate and give rise to lateral roots. In combination with previous

studies showing that pericycle cells arrested in the G2 phase

of the cell cycle (Dubrovsky et al., 2000), these properties of peri-

cycle cells suggest that they may represent a quasi-stem cell

state. This is reminiscent of the neoblasts of planaria. In addition,

meristematic cells are partially differentiated but still in a young

developmental state. This supports the notion that young cells

are readily reverted to stem cell-like states in plants.

Revisiting the Role of Plant Hormones in Regeneration

In normal shoot meristem development, WUS and CUC2 have

largely nonoverlapping domains in the central and peripheral

zones of the shoot apical meristem, respectively (Figure 3A)

(Shani et al., 2006). Using a combination of confocal microscopy

and GFP markers, Gordon et al. (2007) observed that the spatial

domains of CUC2 and WUS gradually partitioned into separate

regions during shoot formation from disorganized callus, remi-

niscent of the self-partitioning domains of Wnt-expressing cells

in Hydra cell aggregates. In plants, hormone activity appeared

to underlie the partitioning of CUC2 and WUS as the two genes

also showed opposite inductive responses to cytokinin and

auxin. CUC2 was responsive to auxin whereas WUS expression

was induced in cytokinin-rich media. The cytokinin-rich treat-

ment appeared to lead to a partitioning of CUC2 and WUS ac-

companied by the apparent spatial partitioning of the hormones

themselves. The auxin efflux carrier PIN FORMED1 (PIN1) is ex-

pressed early in shoot formation with an apparent role in helping

set up auxin gradients, providing evidence that hormone do-

mains are set up early in shoot regeneration. This led to a model

in which gradients of auxin and cytokinin partitioned zone iden-

tities in the shoot apical meristem at early stages of shoot refor-

mation, a model that is generally consistent with emerging ideas

about the instructive roles of differential hormone gradients in

normal organogenesis (Benkova et al., 2003; Blilou et al., 2005;

Shani et al., 2006). The ability to watch the system self-assemble

during regeneration now offers a new tool to dissect the inter-

actions between hormone gradients and genetic circuits that

together mediate self-organization in regenerating tissue

(Figure 7A).

At the other end of the plant, Xu et al. (2006) also used confocal

imaging in conjunction with meristem markers to dynamically re-

cord regeneration of the stem cell niche after laser ablation. In
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this case, the mitotically less active QC cells that maintain the

stem cell niche were ablated in lines carrying different meristem

markers. This group observed a recovery of stem markers sev-

eral cell tiers above the old stem cell niche within hours after ab-

lation. It has been shown that a high localized concentration of

Figure 7. Regeneration in Plants

(A) Confocal images of early stage reorganization of SAM in disorganized cal-

lus. Red is chlorophyll autofluorescence. Green is a constitutively expressed

membrane-bound YFP marker. At left, the membrane-bound YFP marker

highlights the small, tightly packed cells that are forming shoot meristems.

At right, a close up of the YFP-expressing cells used for imaging analysis

and tracking cell division and organ morphology using confocal imaging. Im-

ages courtesy of S.P. Gordon and E.M. Meyerowitz.

(B) A graphic display of a simulation of auxin fluxes in the root using auxin

transport parameters on the simulated cellular structure of the root (left). The

series of panels tracks the simulated ablation of QC and the shift of the max-

imum concentration (dark purple) away from the tip. Images are from Grie-

neisen et al. (2007) and are reprinted by permission from Macmillan Publishers

Ltd: Nature 449, 1008–1013, copyright 2007. The right panel shows GFP

driven by the WOX5 promoter, which specifically marks the QC (panel 1, top

small panel, pre-ablation). After ablation, the expression of the WOX5 marker

shifts proximally away from the root tip (panel 2, 16 hr post-ablation, panel 3, 2

days post-ablation). At 3 days post-ablation (panel 4), the WOX5 marker re-

fines itself to a regenerated QC specified by a newly relocated auxin maxima,

in agreement with the simulated shift in auxin concentration. The arrow indi-

cates the position of the original QC. Images are from Xu et al. (2006), Science

311, 385–388. Reprinted with permission from AAAS.



auxin in combination with the overlap of the protein domains of

the transcription factors SHORTROOT (SHR) and SCARECROW

(SCR) position the stem cell niche (Sabatini et al., 2003). One

of the first noticeable events was a shift in the reporter

DR5rev::GFP, which marks high auxin concentration, toward

the site of the future QC. This showed that, as in the shoot, the

early stages of repatterning were characterized by a reposition-

ing of hormone gradients, which are known to localize meristem

identity genes and, in turn, to be regulated by them (Blilou et al.,

2005; Galinha et al., 2007). Indeed, many of the genes that have

been found in forward mutant screens for regeneration mutants

are altered in auxin or cytokinin sensing or synthesis (Sugiyama,

1999). One interesting new study modeled auxin transport on the

physical root using empirical measures of auxin efflux and influx.

This study found that transport alone could largely explain the

positioning of the auxin maximum and thus the location of the

new stem cell niche (Grieneisen et al., 2007). The model correctly

predicted the rapid repositioning of the auxin gradient upon

ablation of QC (Figure 7B), suggesting a mechanism by which

a totally revised coordinate system could be quickly overlaid

on regenerating tissue. This transport system may provide a

critical layer of the self-refining and self-organizing mechanism

that is needed for regeneration in a system where cells cannot

move and the initial morphology, post-damage, is highly unpre-

dictable.

Two Kingdoms, One Common Problem
The study of regeneration can be framed around a single ques-

tion: How does the disruption of homeostatic mechanisms

caused by injury canalize development in plants and animals to

regenerate anatomically precise and functionally integrated tis-

sues from such unpredictable starting points? The comparison

of regeneration in plants and animals is beginning to provide

some answers to this central question.

The first step involves the recruitment of cells competent to

undergo the necessary temporal transformations to produce

the new tissues. In this respect, plants and animals are quite sim-

ilar in that they either resort to pre-existing sources of stem or

pluripotent cells (for example, pericycle cells and neoblasts) or

can dedifferentiate their cells to generate stem cells anew. In

both plants and animals, the pool of reactivated stem cells can

emerge from stem cell daughters that have partially differenti-

ated, such as in restoration of the root meristem after tip excision

in plants and the recent demonstration that spermatagonia can

regain totipotency in the Drosophila testis (Brawley and Matunis,

2004; Prantl, 1874). That these strategies may be conserved in

multicellular organisms as divergent as plants and animals is un-

likely to be a mere coincidence.

At the molecular level, plant and animal genomic DNA is orga-

nized into euchromatin and heterochromatin using the astonish-

ingly conserved histone protein family and a similarly conserved

suite of histone posttranslational modifications. Moreover, key

aspects of animal and plant cell proliferation and differentiation

appear to be shared, as reflected by conservation of molecules

such as the retinoblastoma protein (Rb) (Wildwater et al., 2005)

and the cyclins (Wang et al., 2004). Here is a case where mech-

anisms used to regulate basic cellular processes, which could be

plausibly shared by common ancestry, play a role in multicellular
development. Thus, it appears that basic mechanisms involved

in the modulation of chromatin structure and the redirection of

genomic output may be conserved in both plants and animals,

providing fertile ground for comparative and analytical studies

aimed at understanding the regulation of cellular totipotentiality.

Patterning, the second step of regeneration, poses more of

a challenge in identifying similarities between the two kingdoms.

One clear similarity is that both have developed self-organizing

systems that can operate on the rough-hewn fragments of in-

jured tissue. In animals and plants, this often involves signals

from pre-existing tissues and the specific regeneration struc-

tures arising after amputation (blastema and callus). Although

the molecular nature of the signaling components is clearly dif-

ferent, basic patterning principles may be shared. BMP signaling

plays a role in establishing symmetry in animals whereas the

auxin distribution system plays that role in plants. The first signs

of polarity in dissociated Hydra cell aggregates involve partition-

ing ubiquitous Wnt signaling components into smaller domains.

Similarly, CUC2 mRNA gradually partitions into specific domains

in the disorganized mass of callus cells during plant shoot regen-

eration. Hence, just as basic developmental principles such as

stem cell niches have emerged between plants and animals,

a similar vocabulary of mechanistic principles appears to be

emerging in regeneration. Interestingly, many of the genes and

signaling mechanisms discussed above have a role in embryonic

pattern formation. What is not yet clear is how much of the ge-

netic wiring of pattern formation is similar in these developmental

scenarios.

Bringing the full power of genetic model organisms into play

will be critical to making rapid progress in understanding regen-

eration. Recent advances in studies of the planarian Schmidtea

mediterranea and the model plant Arabidopsis provide a case

in point. These model systems and others are now poised to ad-

dress central questions in regeneration. Is the reactivation of

stem cell potential reserved for an elite subset of young or dor-

mant cells or are many fully differentiated cells capable of be-

coming totipotent? By the same token, how is biological age reg-

ulated in those cells capable of producing new progeny in

animals like planaria and Hydra? And how is patterning re-estab-

lished and the new tissue functionally integrated with existing tis-

sues? We expect that vigorous comparisons between the tradi-

tionally parallel universes of plants and animals will provide

critical insights into unifying principles that could help us unlock

the potential of organisms to repair themselves.
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